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I.  EXECUTIVE  SUMMARY 


Objectives  of  the  Workshop 

The  objective  of  the  present  workshop  was  to  assess  the  feasibility  of  a  low-power 
disposable  fuel  cell.  The  technological  basis  for  the  concept  was  evaluated  along  with  the  barriers 
that  must  be  overcome  for  its  development.  The  scope  was  limited  to  systems  with  a  useful  life  of 
500  hours  or  less  and  a  power  production  of  1  kilowatt  or  less.  Table  1  reveals  that  such  a  system 
would  have  advantages  related  to  mass  over  competitive  batteries  or  other  power  systems,  and  this 
workshop  compared  other  characteristics  of  such  systems  as  well.  Disposable  devices  infer  that  a 
major  consideration  will  be  the  cost,  but  there  is  also  implied  a  limited  environment  burden. 


Table  1.  Comparison  of  Energy  and  Power  Requirements  (after  Owens,  1994). 


User  Objective 


Individual  System 


Power 
Energy 
Mass 
Use  Time 
Shelf  Life 

Temperature  (ambient) 
Safety 

Power  Density 
Energy  Density 


40  to  400  (W) 
<5000(Wh 
2  to  5  (kg) 
<72  (h) 
<10(y) 

-40  to  70°C 
High  Priority 
50  to  200  (W/kg) 
<  2500  (Wh/kg) 


Mass  tkgl  For 


500  Wh  5000  Wh 

Battery  10  kg  125  kg 

Stirling  Engine  70  kg  0.8  kg 

Fuel  Cell  0.5  kg  0.8  kg 


The  analysis  of  research  and  development  needs  of  disposable  fuel  cells  is  based  on  the 
following  considerations: 

*  Efficiency  and  degradation  in  performance  of  fuel  cells  depends  on  facile  electrode  interfacial 
reactions  and  coupled  transport  in  the  adjacent  phases.  For  polymer  electrolyte  fuel  cells 
considered  here,  fuel  is  supplied  in  either  gaseous  or  liquid  form  and  the  electrolyte  is  a  solid 
polymer  material. 

*  The  reaction  zone  is  a  three-phase  region  between  the  electrocatalytic  current  collector,  the  fuel 
phase,  and  the  ionically  conducting  phase.  The  distribution  of  the  electrocatalyst  on  the  current 
collector  may  be  nonuniform  which  will  introduce  uncertainties  regarding  the  efficient 
utilization  of  the  fuel  and  catalyst. 

*  The  polymer  electrolyte  phase  must  have  good  ionic  conductivity  combined  with  low 
permeation  of  the  fuel  reactants.  The  solid  nature  of  the  electrolyte  hampers  study  of  the 
electrode  interfaces,  and  especially  the  three-phase  region  which  is  largely  inaccessible  to 
microscopic  monitoring  and  investigation. 

*  Disposable,  small  fuel  cells  have  an  increasing  fraction  of  their  total  mass  and  volume  that  is 
devoted  to  packaging,  hardware,  and  electrical  connectors  as  their  size  is  decreased.  Thus, 
scale-down  from  larger  units  may  result  in  sacrifices  of  specific  energy  and  specific  power. 

Workshop  Recommendation  for  Research 

The  consensus  of  the  participants  was  that  a  disposable  fuel  cell  (DFC)  is  a  viable  concept 
and  that  there  is  merit  pursuing  its  development.  The  cell  types  and  chemistries  which  were 
identified  as  candidates  for  a  DFC  include  PEM  hydrogen/air,  PEM  methanol/air,  metal/air  (Al,  Zn, 
or  Li),  and  alkaline-membranes  with  hydrogen  or  methanol  as  a  fuel.  A  number  of  concerns  were 
identified  in  the  development  of  a  DFC  which  are  common  to  it  and  the  more  conventional  cell, 
e.g.,  rapid  startup,  response  to  transient  high-power  demand,  low-temperature  performance,  and 
hydrogen  storage  method.  The  state-of-technology  is  such  that  modification  of  present  PEM 
hydrogen/air  cells  to  yield  a  DFC  would  be  a  short-term  research  undertaking  and,  at  the  other 
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extreme,  the  Li/air  system  would  be  a  long-term  program.  A  500-hour  lifetime  brings  up  for 
reconsideration  many  materials  which  were  previously  discarded  for  lack  of  sufficient  life.  For 
example,  the  commonly  used  perflorinated  PEM  (i.e.,  Nafion)  might  be  replaced  by  a  lower  cost, 
hydrocarbon-based  membrane;  bipolar  plates  might  be  constructed  of  coated  aluminum  or  carbon 
molded  with  a  binder  resin;  and  thermoplastics  such  as  polypropylene  could  be  used  in  place  of 
expensive  materials  such  as  teflon  for  gaskets,  cell  frames,  manifolds,  etc.  Although  no  new  fuels 
were  recommended  the  oxidation  of  methanol  in  a  hydroxyl-exchange  membrane  fuel  cell  is 
worthy  of  study.  The  methanol  oxidation  and  oxygen  reduction  kinetics  are  inherently  faster  in  a 
basic  media  which  should  lower  catalyst  costs.  The  carbonate  buildup  in  the  basic  environment  in 
the  membrane,  however,  might  be  a  significant  detriment,  and  the  lifetime  of  the  membrane  might 
not  be  sufficient.  A  significant  advantage  of  the  500-hour  lifetime  is  that  the  testing  and  evaluation 
of  a  device  could  occur  relatively  quickly  (e.g.,  within  a  month)  and  this  would  significantly 
accelerate  the  test-fix  cycle  in  a  development  program. 
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II.  INTRODUCTION 


The  concept  of  a  disposable  fuel  cell  originated  at  the  "Prospector  VII:  Small  Fuel  Cells  for 
Portable  Power  Workshop"  held  in  the  fall  of  1994  which  was  cosponsored  by  the  U.S.  Army 
Research  Office  and  the  Space  Power  Institute  at  Auburn  University.  The  mission  times  for 
person-portable  fuel  cells  may  typically  be  measured  in  tens  to  hundreds  of  hours,  yet  the  reviews 
presented  at  the  Workshop  of  state-of-art,  person-portable  fuel  cells  demonstrated  that  cell 
materials  (i.e.,  electrocatalysts,  electrolyte,  bipolar  plates,  flowfields,  etc.)  and  chemistries 
(hydrogen/air  or  methanol/air)  are  identical  to  those  under  consideration  for  applications  such  as 
transportation  in  which  the  lifetime  of  the  system  must  be  in  the  thousands  of  hours  for  commercial 
viability.  While  this  is  legitimate  line  of  inquiry  and  has  been  a  fruitful  pursuit,  the  question  arose 
if  there  is  merit  in  pursuing  the  concept  of  a  disposable  fuel  cell  with  a  lifetime  measured  in  the 
hundreds  of  hours.  Specifically,  with  such  a  lifetime  are  there  materials  and/or  chemistries  which 
might  be  applied  to  yield  a  low-cost  fuel  cell  without  sacrificing  the  performance  of  present  state- 
of-art,  long-lived  cells?  As  a  means  to  examine  and  explore  this  concept,  a  group  of  internationally 
recognized  experts  with  backgrounds  in  electrochemical  science,  materials  engineering,  and 
manufacturing  of  fuel  cells  and  fuel-cell  systems  was  selected  for  this  two-day  workshop.  The 
present  Proceedings  Volume  is  a  record  of  the  speakers'  presentations  and  the  recommendations 
made  by  the  participants 

The  objectives  of  the  workshop  were:  (1)  assess  the  viability  of  the  concept  of  disposable 
fuel  cell;  (2)  identify  trade-offs  which  define  disposable  vs.  nondisposable;  (3)  determine  if  critical 
paths  exist  in  the  requisite  science  and  engineering  with  an  emphasis  on:  electrode,  electrolyte, 
electrocatalyst,  current  collector,  container,  and  fuels;  and  (4)  construct  a  list  of  research  needs  to 
advance  the  concept  to  reality,  if  deemed  appropriate.  As  a  working  definition,  a  disposable  fuel 
cell  was  defined  to  be  a  cell  with  500  hours  maximum  (cumulative)  lifetime,  low  cost,  and 
environmentally  benign.  Cells  in  the  50-100  W  power  production  range  were  the  focus. 

The  format  was  a  series  of  invited  presentations  on  the  first  day  followed  by  working 
group  discussions  on  the  second.  The  presentations  and  follow-up  questions  and  answers  set  the 
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stage  for  break-out  group  discussions.  Two  working  groups  were  formed  and  given  specific 
charges  by  the  Workshop  coordinators:  one  group  addressed  materials  requirements  and  the  other 
nano-  to  macroscale  systems  integration  issues.  The  chairperson  of  each  group  prepared  a  briefing 
delivered  to  all  participants  at  the  end  of  the  Workshop  which  summarized  the  group's 
deliberations  and  recommendations.  A  written  summary  from  each  Working  Group  follows  the 
speaker's  summaries  in  this  Proceedings  Volume.  The  charge  given  by  the  Workshop 
coordinators  to  each  working  group  is  given  below. 

Charge  to  Working  Group  on  Materials  Requirements 

For  small  scale,  portable  devices,  analysis  of  requirements  of  energy  and  power  show  that 
fuel  cells  have  a  distinct  advantage  of  the  mass  required  to  deliver  energy  in  the  range  of  500  to 
5000  watt-hours  and  power  in  the  range  of  50  to  1,000  watts.  In  order  to  fully  evaluate  the 
concept  of  disposable  fuel  cells,  it  will  be  necessary  to  assess  the  materials  requirements  for  such 
systems  as  well.  The  materials  issues  to  be  addressed  include  those  related  to:  1)  identify  the  fuels 
that  might  be  used  for  disposable  fuel  cells;  2)  identify  which  fuels  require  development  of  new 
polymer  electrolytes;  3)  assess  the  operating  temperature  and  other  conditions  for  the  candidate 
systems;  4)  determine  if  new  container  materials  must  be  developed,  and;  5)  construct  a  research 
agenda  for  the  electrodes  (including  electrocatalysts)  and  current  collectors  that  must  be  developed 
for  the  candidate  systems. 

Specific  questions  for  focus  might  be  (but  are  not  limited  to): 

•  What  are  materials  requirements  for  disposable  fuel  cells?  Do  the  materials  now  exist?  Any 
specialty  (unique)  materials? 

•  What  are  the  limitations  caused  by  materials  requirements? 

•  What  research  is  needed  to  overcome  the  limitations?  New  materials? 

•  What  are  the  prospects  that  the  research  will  lead  to  major  advances? 
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Charge  to  Working  Group  on  Nano-  to  Macroscale  Systems  Integration 


Closely  coupled  with  the  consideration  of  materials  for  a  disposable  fuel  cell  (i.e., 
electrodes,  electrolytes,  and  fuel/oxidizer  source)  is  the  concern  of  how  the  various  component 
levels  (nano-,  meso-,  and  macroscale)  might  integrate  into  a  small-scale,  portable  power  source. 
Clearly,  there  are  research  and  technology  issues  common  to  the  development  of  disposable  as  well 
as  "conventional"  portable  fuel  cells,  and  both  should  be  considered  in  the  deliberations. 
However,  given  a  target  service  life  of  500  hours  or  less  at  50-1,000  W  power  production,  the 
objectives  of  the  Group  are  to  (1)  assess  the  viability  of  the  concept  of  a  disposable  fuel  cell;  (2) 
identify  system  trade-offs  which  define  disposable  vs  nondisposable;  (3)  determine  if  critical  paths 
exist  in  the  science  and/or  engineering  necessary  to  develop  a  disposable  fuel  cell,  and;  (4) 
construct  a  research  agenda  to  address  these  issues. 

Specific  questions  for  focus  might  be  (but  are  not  limited  to): 

•  What  set  of  unique  requirements  (e.g.,  cost  and  environmental  impact)  does  the  demand  of 
"disposability"  define?  Do  metal/air  systems  have  additional  concerns  that  must  be  addressed? 

•  At  the  nanoscale:  What  are  the  requirements  for  catalyst  preparation  and  dispersion?  Could 
composite  polymer  electrolyte  or  gel  electrolytes  play  a  role? 

•  At  the  mesoscale:  Upon  consideration  of  fuel  source,  would  optimal  membrane  and  electrode 
assemblies  (MEA)  differ  from  those  in  conventional,  PEM  cells.  If  carbon  dioxide  is  formed, 
are  there  MEA  structures  that  might  be  advantageous  in  removing  off-gas? 

•  At  the  macroscale:  Are  thermal  and  water  management  problems  different  from  conventional 
PEM  cells?  Would  purity  of  air  supply  be  more  or  less  of  a  concern?  Can  the  cells  be 
designed  with  attitude  insensitivity? 
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III.  A.  Report  of  Working  Group  on  Materials  Requirements  for  Disposable 
Fuel  Cells 

Chairman:  Robert  Savinell 

The  working  group  developed  a  list  of  attributes  related  to  the  development  of  fuel  cells  for 
military  applications.  The  list  of  attributes  are  given  in  Table  2.  The  focus  of  this  workshop  is  to 
consider  the  concept  of  utilizing  fuel  cells  as  a  replacement  for  batteries  for  extended  missions. 


Priority 

Attribute 

PEM 

PEM 

Bio 

Li 

Zn 

A1 

Aik 

OHEM 

H2 

DMFC 

FC 

Air 

Air 

Air 

Fc 

High 

Rehable 

S 

M 

L 

L 

S 

L 

s 

M/L 

High 

Performance 

ML 

M 

L 

L 

S 

S 

M/L 

L 

High 

Safe 

S 

S 

L 

L 

S 

M 

M 

S 

High 

Rapid  Start 

S 

S/M 

L 

L 

S 

L 

S 

S 

High 

User  Friendly 

S 

S 

L 

L 

s 

L 

M 

S 

High 

Shelf  Life 

S 

S 

L 

L 

M 

S 

M 

M 

H/M 

Cost 

S 

S/M 

L 

L 

M 

M 

S 

M 

Medium 

Temp  Range 

L 

L 

L 

L 

M/L 

M/L 

S/M 

L 

Medium 

Humid  Range 

s 

S 

L 

L 

S 

S 

S 

S 

Low 

Lifetime 

s 

S 

L 

L 

S 

S 

s 

S 

Low 

Multiple  Start 

s 

S 

L 

L 

S 

S 

s 

S 

Key:  S  =  Short;  M  =  Medium;  L  =  Long 


The  notion  is  that  the  life  of  the  fuel  cell  may  not  need  to  exceed  500  hours.  These  attributes  were 
prioritized  in  terms  of  their  importance.  A  high  priority  indicates  that  the  attributes  must  be 
satisfied  while  a  low  priority  indicates  that  for  this  application  the  attribute  is  not  as  important. 
Next,  the  working  group  considered  the  various  fuel  cell  systems.  Several  systems  were 
eliminated  from  consideration  due  to  obvious  conflicts  with  needed  attributes  of  high  priority.  The 
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eliminated  fuel  cell  systems  include  solid  oxide  and  molten  carbonate.  The  systems  considered 
further  were  PEM  (with  fuels  of  hydrogen,  methanol,  and  other  small  organic  molecules)  and 
biofuels.  The  metal  air  systems  were  included,  specifically  lithium,  zinc,  and  aluminum.  Alkaline 
hydrogen  fuel  cells  systems  also  were  included,  both  liquid  and  polymer  electrolyte  types. 

Each  fuel  cell  and  attribute  were  considered  in  terms  of  their  need  of  research  and 
development  activity.  Table  2  summarizes  the  discussion  by  indicating  a  S,  M,  or  L  which 
corresponds  to  short  term  (technology  in  place),  medium  (some  R&D  is  necessary),  and  L  (  a 
longer  term  R&D  program  will  be  necessary).  In  the  following  paragraphs  are  brief  summaries 
identifying  major  critical  issues  facing  the  implementation  of  these  technologies. 

PEM  Hydrogen/Air  Fuel  Cells:  Materials  R&D  Needs  Identified 

(1)  Performance:  The  main  barrier  to  competitive  performance  of  hydrogen  fueled  PEM 
fuel  cells  as  batter  replacements  has  been  limited  hydrogen  storage  capacity  in  safe  form. 

To  achieve  competitive  energy  densities  (in  excess  of  200  Wh/kg)  for  missions  of  ten 
hours,  the  most  important  development  required  in  the  field  of  hydrogen/air  PEM  fuel  cells  is 
hydrogen  storage  with  weight  percent  hydrogen  of  about  4%.  To  satisfy,  at  the  same  time,  safety 
requirements,  storage  in  solid  state  is  preferable  to  gaseous  storage  at  high  pressure.  Storage  in  the 
form  of  a  chemical  system  for  generation  of  hydrogen  (e.g.,  water  +  hydrogen  releasing  solid)  is 
probably  an  intermediate  priority. 

Comment:  Some  relaxation  of  the  storage  density  requirement  could  be  achieved  by  an 
increase  of  the  net  power  density  of  the  PEM  fuel  cell  stack  100  W/kg  in  air  breathing  or  forced  1 
atm  air  convection  mode. 

(2)  Temperature  range:  A  weak  aspect  of  the  PEM  fuel  cell  is  the  very  limited  performance 
below  the  water  freezing  point.  This  is  caused  by  problems  to  do  with  water  freezing  in  various 
parts  of  the  system,  but  the  most  fundamental  problem  has  to  do  with  the  drop  of  protonic 
conductivity  in  the  membrane  electrolyte  with  temperature.  It  is  suggested  that  a  long-term  effort 
should  be  considered  to  try  to  improve  membrane  conductivity  at  a  temperature  below  the  water 
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freezing  point.  Design  of  new  ionomers  with  enhanced  proton  mobility  at  T  <  0°C  could  be  based 
on  (1)  fine  tuning  of  properties  of  PFSA  membranes  (e.g.,  lower  EW,  etc.)  taking  advantage  of 
the  limited  life  requested  in  these  applications,  or  more  radical  changes,  such  as  imbibing  in  liquid 
electrolyte  (solution  for  one-time-operation  only). 

As  long  as  an  alternative  membrane  material  for  T  <  0°C  has  not  been  provided,  effective 
modes  of  start  up  from  very  low  temperature  have  to  be  demonstrated.  This  is  not  considered  a 
tough  problem  but  should  be  demonstrated  for  each  startup  mode  proposed  to  satisfy  "Start  Up" 
requirements. 

Comment:  Freeze-thaw  cycling  without  resulting  loss  of  PEM  stack  performance  under 
ordinary  operation  conditions  has  been  demonstrated  for  some  cell/stack  configuration. 

Direct  Methanol  Fuel  Cells 

Rapid  Start  Up  (Short/Medium):  Because  of  the  low  power  of  the  DMFC  at  temperatures 
of  25°C  or  below,  brining  the  cell  temperature  up  by  cell  shorting  could  be  too  slow.  Solutions  are 
required;  for  example,  temporary  operation  on  hydrogen  (from  hydride  storage)  or  on 
hydrogen/methanol  mixtures,  catalytic  methanol/air  recombination  at  the  cathode  catalyst. 

Performance  (Medium):  Cross-over  of  methanol  through  the  membrane  electrolyte  has 
been  identified  as  the  strongest  present  day  deficiency.  Membranes  of  lower  methanol  flux  AND 
satisfactory  protonic  conductivity  (such  as  to  suffer  only  minimal,  or  zero  lowering  in  voltage 
efficiency)  are  the  highest  priority  materials  research  target. 

Reliability  (Medium):  Questions  of  performance  stability  are  still  open,  to  do  with  the 
stability  of  anode  cathode  catalysts  as  well  as  other  electrode  and  membrane  properties  under 
DEMFC  operation  conditions.  The  work  required  to  answer  these  questions  includes  DMFC 
testing  with  effective  diagnostics  and  development  of  alternative  electrode  materials  and  structures 
to  enhance  long-term  stability  and  reproducible  performance.  Another  key  to  achieving  the 
"Reliability"  requirements  could  be  a  "methanol  stopping  membrane"  of  sufficient  protonic 
conductivity  which  could  minimize  those  problems  associated  with  methanol  cross-Over. 
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Cost:  Lowering  anode  catalyst  loading  while  maintaining  performance  is  required  to  lower 

cost. 

Temperature  Range:  See  discussion  of  a  low  T  membrane  for  the  PEM  fuel  cell,  as  well  as 
Start-Up  issues  for  the  DMFC. 

Biochemical  Fuel  Cells 

These  systems  are  thought  to  be  in  need  of  long-term  research  efforts  to  prove  feasibility  of 
the  concepts  and  for  development  of  catalyst  and  electrode  structures. 

Lithium  Air  System 

This  system  is  considered  to  be  one  in  need  of  long-term  commitment  for  development.  A 
major  need  is  for  a  membrane  electrolyte  having  good  lithium  ion  conductivity  over  a  temperature 
range  of  -40°C  to  70°C  in  the  range  of  at  least  10*3  S/cm  at  the  low  temperature  end.  In  addition, 
the  membrane  must  have  low  oxygen  and  water  permeation  to  protect  the  lithium  electrode. 

The  system  also  requires  the  development  of  oxygen  gas-diffusion  electrodes.  In 
particular,  these  electrodes  must  be  capable  of  operating  in  nonaqueous  electrolytes  with  4-electron 
transfer  (must  eliminate  peroxide  and  superoxide  intermediates). 

In  general,  low  toxicity,  and  low  cost  are  key  factors  which  must  be  addressed. 

Zinc-Air 

In  order  to  achieve  long-shelf  life,  mercury  free  zinc  powders  with  high  stability  in  alkaline 
electrolyte  must  be  developed  and/or  confirmed.  For  long-shelf  life,  like  ten  years,  a  long-term 
development  effort  may  be  needed. 

The  low  temperature  capability  to  startup  may  be  a  limit  to  this  system  as  it  is  for  the  other 
alkaline  system.  Certain  applications  where  this  system  is  especially  suited  for  (like  soldier  air- 
conditioning  system)  my  make  this  a  nonissue. 
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Aluminum- Air 


The  system  may  not  meet  the  needs  for  rapid  startup  since  on  standby  the  electrolyte  will 
have  to  be  kept  out  of  the  stack.  Otherwise,  caustic  corrosion  of  aluminum  will  take  place  which 
consumes  fuel  and  generates  hydrogen  byproduct.  Although  there  are  some  aluminum  alloys 
which  minimize  corrosion,  the  problem  persists  and  could  be  significant  at  higher  temperatures. 
Hydrogen  generation  and  accumulation  may  be  considered  also  as  a  safety  issue  for  this  system. 
Therefore,  anode  alloys  with  low  or  no  caustic  corrosion  may  need  further  development. 

Another  major  issue  is  reliability,  especially  considering  the  complexity  of  the  system 
(pumps,  filters,  blowers,  etc.)  and  the  fact  that  there  is  virtually  no  record  of  operating  history. 
Other  issues  include  ability  to  operate  at  low  and  high  temperatures. 

Alkaline  Hydrogen  Fuel  Cells 

Both  liquid  electrolytes  and  anion  conduction  polymer  electrolyte  (OH-EM)  were 
considered.  The  primary  issue  of  hydrogen  storage  common  to  the  PEM  system  still  persists. 
Both  solid  state  and  safe  gas  storage  development  efforts  are  needed.  Although  the  alkaline 
systems  may  operate  at  lower  temperatures  better  than  acid  electrolytes,  efficient  startup 
performance  at  low  temperatures  must  still  be  demonstrated.  KOH  creepage  is  viewed  as  a 
potential  problem  to  safety  and  shelf  life  which  will  require  better  material  seals.  In  the  case  of 
anion  polymer  electrolytes,  materials  for  this  application  are  generally  not  available  (low 
conductivity  and  unstable). 
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III.  B.  REPORT  ON  WORKING  GROUP  ON  NANO-  OR  MACROSCALE 


SYSTEM  INTEGRATION  ISSUES 
Chairman:  JayStedman 

Implications  of  500-Hour  Maximum  Service  Life 

Typical  fuel  cell  life  goals  are  4000  hours  for  transportation  and  40,000  hours  for 
stationary  power  installations.  The  concept  of  designing  for  a  500-hour  life  in  a  "disposable"  fuel 
cell  is  hard  for  the  typical  fuel  cell  researcher  or  development  engineer  to  grasp,  having  typically 
spent  his  career  trying  to  find  and  develop  materials  and  cell  components  that  are  basically  invariant 
with  time,  or  at  the  least,  having  a  service  life  measured  in  thousands  of  hours. 

Our  group  consensus  was  that  the  practical  effect  of  reducing  the  service  life  requirements 
to  under  500  hours  is  to  1)  allow  an  earlier  introduction  of  many  of  the  advanced  (lower  cost, 
lighter  weight)  cell  stack  components  currently  under  development  for  other  applications  and  2) 
bring  up  for  reconsideration  many  materials  that  were  previously  discarded  for  lack  of  sufficient 
life. 

Consideration  Limited  to  Membrane  Electrolyte  Fuel  Cells 

It  was  the  group's  consensus  to  concentrate  our  discussions  on  fuel  cells  of  the  membrane 
type,  primarily  Proton  Exchange  Membranes  (PEM)  with  some  consideration  of  hydroxide  ion 
exchange  membranes.  This  decision  resulted  from  the  desire  of  the  group  to  specifically  tell  the 
sponsor  what  he  might  do  different  in  his  current  portable  fuel  cell  programs  in  light  of  a  reduced 
life  requirement  and  the  fact  that  we  saw  no  benefit  of  program  modification  to  any  of  the  metal-air 
battery  efforts  due  to  the  500-hour  maximum  life  requirement. 

Stack  Technology  Options 

Advanced  cell  separator  plates  based  on  molding  of  graphite  or  carbon  with  a  binder  resin 
are  currently  under  development  by  several  organizations,  and  the  corrosion  with  time  of  the 
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binding  resin  is  an  issue.  A  500-hour  life  requirement  can  probably  be  met  with  the  present  status 
of  development. 

A  very  low  cost  and  light  weight  separator  plate  option  is  based  on  formed  aluminum  plates 
suitably  protected  with  a  corrosion  resistant  plating.  The  development  problem  is  to  maintain  the 
plate  integrity  for  the  required  service  life. 

It  should  be  noted  that  shelf  time,  although  less  severe  than  operating  time,  will  be  a  factor 
that  must  be  considered  in  any  estimate  of  total  required  component  lifetime.  (This  comment 
applies  to  any  and  all  of  the  fuel  cell  components  discussed  in  this  write-up.) 

The  present  cost  of  Nafion  proton  exchange  membranes  is  an  obstacle  to  the 
commercialization  of  PEM  fuel  cells,  especially  for  the  cost  driven  transportation  market. 
Although  less  important  for  the  portable  power  market  it  still  must  be  considered  a  limitation.  The 
Daiz  proton  exchange  membrane  material,  based  on  hydrocarbon  rather  than  fluorocarbon 
chemistry,  is  typical  of  a  class  of  membranes  that  offer  an  order  of  magnitude  cost  reduction  but 
have  undocumented  life  characteristics.  These  membranes  also  provide  improved  dimensional 
stability,  easing  cell  manufacturing,  and  reduced  water  and  activity  improving  cell  water 
management. 

For  long  endurance  capability,  the  choice  of  materials  for  fabricating  cell  frames,  gaskets, 
and  manifolds  is  limited  to  high  cost  options  such  as  Teflon  and  other  fluorinated  plastics.  For  the 
mission  times  under  consideration,  the  group  felt  that  lower  cost,  readily  molded  thermoplastics 
such  as  polypropylene  could  be  used,  lowering  both  material  and  fabrication  costs. 

The  consensus  of  the  group  was  that  power  system  components,  such  as  pumps,  blowers, 
and  electronics  were  not  items  whose  technology  is  affected  by  500-hour  life  requirement.  In 
some  cases  design  choices  may  be  affected,  but  in  general  the  need  for  high  reliability  components 
dictates  the  design  technology  involved,  resulting  in  an  inherent  life  capability  of  greater  than  500 
hours. 

An  interesting  discussion  the  favorable  affects  of  a  short-design  life  on  the  requirements  for 
endurance  and  qualification  testing  was  held.  Conventionally,  there  is  a  requirement  to  literally  test 
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for  years  to  obtain  life  limits  of  conventional  fuel  cell  designs.  Accelerated  tests  have  been 
conducted;  in  general,  one  can  accelerate  cell  degradation  by  operating  at  higher  stresses,  but  the 
correlation  with  time  at  normal  operating  conditions  remains  suspect.  With  a  500-hour  maximum 
design  life,  one  can  run  meaningful  tests  at  real  conditions  in  periods  of  about  one  month.  This 
provides  for  fast  turnaround  test-fix-test  cycles,  reducing  development  time  and  cost.  This  factor, 
if  properly  exploited,  can  greatly  speed  the  introduction  of  a  portable  fuel  cell  technology  into  the 
DoD  inventory. 

For  hydrogen  fueled  fuel  cells,  the  hydrogen  storage  means  is  a  knotty  problem  with  no 
solution  optimum  for  all  situations  and  applications.  The  primary  options  have  been  extensively 
discussed  in  the  literature  and  all  have  been  demonstrated  with  fuel  cell  power  systems.  The 
discussion  here  is  limited  to  the  effects  of  the  500-hour  life  requirement  on  the  design  and 
technology  requirements  of  the  various  options. 

High  Pressure  Tankage.  The  design,  material  choice  and  weight  fraction  of  high 
performance  overwrapped  tankage  is  a  function  of  the  required  cycle  life  and  ambient  conditions. 
A  500-hour  life  consisting  of  2-hour  missions  requires  1000  cycles.  Such  a  tank  will  be  lighter 
than  a  tank  designed  for  10,000  cycles. 

Metal  Hydride  Storage.  Breaking  up  of  the  hydride  particles  to  fines  and  subsequent  loss 
of  capacity  is  a  problem  with  metal  hydrides.  The  required  number  of  cycles  is  an  important 
variable. 

Chemical  Hydrides.  These  are  "one-shot"  hydrogen  supply  elements.  There  are  many 
technology  and  design  problems  associated  with  development  of  a  safe,  high  hydrogen  yield, 
hydride  subsystem  but  none  particularly  affected  by  a  500-hour  life  requirement. 

Liquid  Fuel  Processor  and  Hydrogen  Purification.  Although  not  normally  thought  of  as 
candidates  for  portable  power  supplies,  recent  developments  in  nucro-channel  heat-transfer  devices 
give  hope  that  such  devices  give  hope  that  such  devices  can  be  developed  for  power  levels  as  low 
as  50  watts,  and  certainly  for  the  500-watt  requirement  of  the  battery  charger  mission.  As  all 
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catalytic  processes  are  subject  to  time  related  performance  degradation,  a  500-hour  life  will  ease  the 
catalyst  and  result  in  lighter  components. 

Special  Factors  for  Direct  Methanol  Fuel  Cells  (DMFCl 

The  discussion  above  applies  to  DMFC,  as  well  as  hydrogen  fueled  cells,  (except  for  the 
section  on  hydrogen  storage,  of  course).  Several  areas  of  cell  component  technology  are  unique  to 
the  DMFC  and  are  discussed  below. 

Cathode  catalysts  that  are  unaffected  by  crossover  methanol  are  under  development  by 
CWRU  (Macrocycles)  and  Lynntech  (Chevrels).  The  Macrocycles  are  known  to  have  limited  life, 
the  endurance  capacity  of  the  Chevrels  are  unknown  at  this  time.  A  life  requirement  of  under  500 
hours  will  allow  early  evaluation  of  these  catalysts  in  portable  power  systems  based  on  direct 
methanol  cells. 

The  hydrocarbon  membrane  mentioned  above,  as  well  as  a  membrane  based  on  cross 
linked  polystyrene  sulfonic  acid  and  polyvinylidene  fluoride,  both  offer  the  potentials  to  greatly 
reduce  methanol  crossover  in  a  DMFC  fuel  cell  without  significantly  reducing  cell  voltage.  Long 
endurance  is  questionable  for  both  of  these  membranes,  a  500-hour  life  will  ease  the  development 
requirements. 

Many  real  applications  for  DMFC  involve  long  periods  of  time  at  low  power  output  with 
intermittent  bursts  of  several  minutes  at  much  higher  power.  As  we  do  not  expect  to  completely 
eliminate  crossover,  it  is  expected  that  the  methanol  concentration  will  be  lowered  during  low 
power  operation  to  improve  overall  efficiency,  requiring  some  finite  time  to  raise  the  concentration 
for  optimum  performance  at  the  high  power  point.  As  the  user  will  undoubtedly  require  "instant- 
on"  of  the  high  power  a  hybrid  system  with  a  small  rechargeable  battery  is  envisioned  for  most 
applications.  The  battery  can  also  provide  heat-up  energy  and  user  power  during  start  from  cold 
temperatures. 
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Alkaline  Electrolytes 

A  short  discussion  was  held  on  the  benefits  and  problems  of  alkaline  electrolytes  for 
hydrogen  and  direct  methanol  fueled  fuel  cells.  A  first  conclusions  was  that  only  membrane  cells 
were  of  interest,  as  the  electrolyte  management  problems  associated  with  free  or  capillary  matrix 
cells  were  judged  to  be  too  much  to  cope  with  in  small  portable  power  applications.  There  is  no 
accepted  off-the-shelf  anion  (OH-)  membrane  with  long-demonstrated  life.  However,  a  500-hour 
life  may  be  possible  with  available  membranes. 

Other  conclusions  were  that  there  would  be  overall  performance  improvement  over  PEM 
cells,  but  that  catalyst  costs,  especially  for  direct  methanol  cells  would  be  lower  due  to  the  higher 
activity  for  methanol  oxidation.  A  serious  question  was  unanswered  on  the  amount,  location,  and 
performance  affects  of  carbonate  formed  at  the  anode  from  the  CO2  product  and  at  the  cathode 
from  CO2  contained  in  the  reaction  air.  It  was  mentioned  that  Argonne  National  Lab  has  a  contract 
DARPA  to  investigate  this  approach  to  a  DMFC. 

Research  Priority 

At  the  end  of  the  discussion  period  we  were  asked  to  prioritize  areas  of  fruitful  research  for 
a  short  duration  "disposable"  fuel  cell.  The  following  is  the  group's  recommendations: 

1 .  Expand  hydrocarbon  membrane  R&D 

2 .  Expand  aluminum  separator  plate  R&D 

3 .  Support  macrocycle  and  Chevrel  cathode  catalyst  R&D 

4.  Combine  1, 2,  and  3  into  cell  stacks  and  conduct  endurance  tests 

5 .  Support  low  power  fuel  processor  and  hydrogen  clean-up  development 
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IV.  WORKSHOP  ON  DISPOSABLE  FUEL  CELLS 

AGENDA 


April  11  -  Formal  Presentations 

8  a.m.  Welcome  by  Dr.  Peter  Fedkiw 
U.S.  Army  Research  Office 

8:15  Introductory  Remarks  by  Dr.  Richard  Paur,  U.S.  Army  Research  Office 
Non-fuel  Cell  Power  Sources,  Army  Needs 

8:30  Mr.  Jay  Stedman,  Instimte  for  Defense  Analysis 
Overview  of  ARPA  Fuel  Cell  Program 

8:45  Dr.  Sol  Gilman,  U.S.  Army  Research  Lab-EPSD 
Army  Fuel  Cell  Research  and  Batteiy  Research 

9:15  Dr.  Harold  Christopher,  U.S.  Army  CECOM 
U.S.  Army  Battery  Arsenal 

9:45  Dr.  Shimshon  Gottesfeld,  Los  Alamos  Natl.  Lab 
Overview  of  DOE  Fuel  Cell  Program 

10:15  Break 

10:30  Dr.  Patrick  Grimes,  Pat  Grimes  Associates 
Historical  Perspectives  on  Fuel  Cells 

11:00  Dr.  Anthony  LaConti,  Giner,  Inc. 

Disposable  Fuel  Cells  and  Lifetimes 

11:30  Dr.  Oliver  Murphy,  Lynntech,  Inc. 

Innovative  Approaches  for  Fuel  Cells 

12:00  Lunch  in  Meeting  Room 

1 :30  Dr.  Donald  Maricle,  International  Fuel  Cells 
Person-portable  Fuel  Cells 

2:00  Dr.  William  H.  Smyrl,  University  of  Minnesota 

Barriers  and  Opportunities  in  Disposable  Fuel  Cells 

2:30  Dr.  Gunther  Sherrer,  Paul  Sherrer  Institute 
Polymer  Electrolyte  Membrane  Fuel  Cells 

3:00  Dr.  Robert  Savinell,  Case  Western  Reserve  University 
Polymer  Electrolyte  Membrane  Fuel  Cells 

3:30  Break 

3:45  Dr.  Charles  Martin,  Clemson  University 
Polymer  Electrolyte  Membrane  Fuel  Cells 
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4:15  Dr.  K.M.  Abraham,  EIC  Laboratories 
Lithium- Air  Systems 

4:45  Mr.  Ronald  Putt 
Zinc-Air  Systems 

7 :00  Dinner  -  Radisson  Metrodome  Hotel 


April  12  -  Working  Groups 

8:30  a.m.  Discussions 

A  -  Materials  Requirements 
B  -  Systems  Integration 

12:00  Lunch  in  Meeting  Room 

1 :30  Discussions  and  Report  Preparation 

3:30  Presentation  by  each  group  of  fmdings-summary  of  recommendations.  Wrap-up. 
4:30  Workshop  Concludes 
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IV.  PERSPECTIVES  ON  FUEL  CELLS 
BY  WORKSHOP  PARTICIPANTS 
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INTRODUCTORY  REMARKS. 

NON-FUEL  CELL  POWER  SOURCES,  ARMY  NEEDS 

Dr.  Richard  Paur 
US  Army  Res  Office 
AMXRO-CB  PO  Box  12211 
Research  Triangle  Park,  NC  27709 


The  Army  needs  better  lightweight  power  sources  because  soldiers  are  being  issued  more 
and  more  equipment  which  requires  electrical  power.  Improvements  in  reducing  the  power 
consumption  of  a  given  device,  say  a  laptop  computer,  are  more  than  offset  by  the  addition  of  more 
devices  such  as  global  positioning  systems. 

"Better"  can  be  described  in  terms  of  several  attributes;  higher  energy  density,  higher 
power  density,  lower  cost,  safer,  and  more  environmentally  benign  quickly  come  to  mind.  In  order 
to  be  affordable  for  the  military,  power  sources  should  be  useful  to  a  large  cross-section  of  the 
civilian  market.  Perhaps  the  Army  will  not  use  exactly  the  same  devices  as  the  civilian  market,  but 
the  basic  manufacturing  processes  must  be  similar  enough  to  preclude  the  necessity  for  specialized 
manufacturing  lines  for  the  military  items. 

The  Army  Research  Office  has  research  programs  looking  at  a  number  of  possible  power 
sources  which  might  be  better  than  existing  power  sources  under  at  least  a  limited  range  of 
conditions.  The  technologies  under  study  include  hydrogen/air  fuel  cells,  direct  oxidation  of 
methanol  fuel  cells,  thermophotovoltaic  power  systems,  and  micro  gas  turbine  generators. 
Hydrogen  air  fuel  cells  are  the  most  mature  technology  of  the  above  suite;  one  serious  drawback  to 
their  use  in  the  battlefield  is  the  need  for  a  hydrogen  distribution  system  which  can  provide  the 
soldiers  with  the  necessary  fuel.  The  hydrogen  supply  problem  is  being  addressed  by  several 
Army  funded  projects  as  well  as  work  supported  by  tJS  intelligence  agencies,  private  industry,  the 
Department  of  Energy  and  others. 

The  purpose  of  this  workshop  is  to  consider  fuel  cell  power  sources  with  the  goal  of 
determining  whether  the  Army  could  develop  significantly  less  expensive  fuel  cells  if  the  units 
were  designed  with  a  modest  lifetime  goal,  on  the  order  of  500  hours,  rather  than  the  many 
thousands  of  hours  that  is  the  typical  goal  of  fuel  cell  developers.  [Many  current  fuel  cell 
developers  have  been  strongly  influenced  by  the  lifetime  goals  of  the  power  utility  industry;  most 
estimates  of  the  lifetime  needs  for  Army  applications  range  from  tens  of  hours  to  several  hundred 
hours.]  In  numerous  discussions  of  fuel  cell  technology,  research  personnel  allude  to  materials 
which  have  been  tried  in  the  past,  but  which  have  been  rejected  by  the  community  'because  they 
don't  last'.  Further  inquiry  reveals  that  in  many  cases  (e.g.,  some  hydrocarbon  membrane 
electrolytes)  the  lifetime  may  be  on  the  order  of  a  thousand  hours,  well  in  excess  of  anticipated 
Army  requirements.  Considering  that  in  some  cases  these  previously  rejected  materials  are  more 
than  an  order  of  magnitude  less  expensive  than  their  long  lived  counterparts,  it  appears  likely  that 
fuel  cells  constructed  recognizing  that  the  required  lifetime  is  only  about  500  hours  could  be  made 
significantly  less  expensively  than  some  of  the  systems  that  are  produced  today. 
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MICRO  GAS  TURBINE  GENERATOR 
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THE  ARPA  PROGRAM  IN  ADVANCED  FUEL  CELL  TECHNOLOGY 


Lawrence  H.  Dubois,  Director,  Defense  Sciences  Office 
Advanced  Research  Projects  Agency 
Arlington,  VA 
March  1996 

Today's  power  sources  for  military  platforms  are  severely  hampered  by  high  cost  and  a 
lack  of  energy/power  density.  This  is  particularly  true  for  small  (<100  W)  power  systems,  which 
at  present  are  limited  to  primary  electrochemical  batteries.  Mission  effectiveness  may  also  be 
hindered  by  the  poor  reliability,  high  exhaust  emissions,  and  excessive  noise  generation  of  current 
diesel  generators  (3  -  100  kW).  For  these  reasons,  the  Advanced  Research  Projects  Agency 
(ARPA)  is  pursuing  a  multi-path,  multi-disciplinary  approach  to  developing  advanced  fuel  cell 
technology  for  a  number  of  critical  Department  of  Defense  (DoD)  applications.  A  summary  of  this 
program  is  shown  in  Figure  1. 


Figure  1:  Summ^  of  ARPA  Program  in  Advanced  Fuel  Cell  Technology  including  the  potential 
fuel  for  each  application. 

The  current  ARPA  funded  effort  in  fuel  cells  has  two  main  thrusts:  ( 1)  the  replacement  of 
mobile  electric  power  generators,  auxiliary  power  units  (for  tanks  in  silent  watch  and  surveillance), 
and  field  power  stations  (for  C^l  and  communications  systems)  with  3  -  100  kW  fuel  cells 
operating  on  logistics  fuel  (e.g.,  diesel  or  jet  fuel)  and  (2)  the  development  of  small  (tens  to 
hundreds  of  watts)  power  systems  for  individual  soldiers.  Potential  fuels  for  these  latter  systems 
include  hydrogen  and  methanol.  Specific  applications  involve  the  replacement  of  military  standard 
batteries  for  portable  electronics  and  for  microclimate  cooling.  Larger  fuel  cell  systems  may  also 
be  used  to  augment  the  current  power  sources  used  at  permanent  DoD  facilities. 

Mobile  Electric  Power 

The  Department  of  Defense,  through  the  Program  Manager,  Mobile  Electric  Power, 
procures,  maintains,  and  upgrades  a  family  of  mobile  field  generators  and  auxiliary  power  units  by 
the  various  Services.  These  diesel  fueled  generators  range  in  power  output  from  three  to  several 
hundred  kilowatts.  The  present  generators  could  be  improved  in  several  key  areas  of  performance 
and  operational  characteristics.  Thus,  in  spite  of  a  recent  upgrade,  they  still  produce  excessive 


noise  and  pollution,  are  relatively  low  in  efficiency  (especially  at  part  power,  their  normal  operating 
point),  require  frequent  maintenance  from  skilled  personnel,  and  are  considered  to  be  unreliable  for 
critical  stand-by  power  applications. 

Fuel  cell  technology,  as  being  developed  for  commercial  stationary  power  and 
transportation  applications  by  industry  and  the  U.S.  Department  of  Energy,  has  the  potential  to 
alleviate  many  of  these  problems,  however,  commercial  efforts  are  focused  on  the  use  of  natural 
gas  and  methanol  rather  than  the  heavy  hydrocarbon  liquid  fuels  (e.g.,  diesel  and  jet  fuels)  required 
by  the  military  Services.  ARPA  has  initiated  a  major  research  and  demonstration  program  to 
develop  the  technology  for  complete  multi-kilowatt  fuel  cell  systems  capable  of  operating  on 
logistics  fuels  (e.g.,  DF-2,  JP-8).  Processing  of  these  heavy  liquids  to  a  fuel  gas  suitable  for 
oxidation  in  today's  fuel  cells  in  general  requires  higher  temperatures  than  methane  or  methanol 
reforming  and  removal  of  impurities  such  as  sulfur.  Thermal  integration  is  also  critical  to  minimize 
the  part  count  and  to  ensure  a  small  package  size.  The  program  goals  are  to  develop  technologies 
that  will  allow  logistics  fueled  fuel  cell  power  plants  to  be  fielded  that  are  competitive  with  present 
diesel  generators  in  weight  and  volume  and  demonstrate  the  inherent  fuel  cell  characteristics  of  low 
maintenance  and  high  reliability  with  low  noise,  negligible  emissions,  and  high  efficiency  over  a 
wide  power  range.  A  summary  of  the  ARPA  program  is  shown  in  Figure  2. 
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Figure  2.  Summary  of  ARPA  mobile  electric  power  program.  The  expected  demonstration  dates 
are  indicated  on  the  left.  The  contractor  names  (right)  shown  in  parentheses  are  for  the  developers 
of  the  fuel  processor  units. 

The  ARPA  program  includes:  1)  successful  brass  board  demonstrations  (-2000  h  of 
operation)  of  conventional  27-32  kW  molten  carbonate  and  solid  oxide  fuel  cell  power  plants  with 


an  add-on  fuel  processor  (hydrode  sulfurizer  and  steam  reformer)  for  converting  logistics  fuel  to  a 
sulfur-free  fuel  gas:  2)  development  of  10  kW  solid  oxide  fuel  cell  power  plants  with  either  a 
thermally  integrated  steam  reforming  type  logistics  fuel  processor  or  a  catalytic  partial  oxidizer  type 
fuel  processor;  and  3)  a  packaged  100  kW  phosphoric  acid  electrolyte  power  plant  with  an 
autothermal  logistics  fuel  processor  (Figure  3).  An  additional  collaborative  effort  between  ARPA 
and  the  DOT  to  build  methanol-fueled,  100  kW  fuel  cell  power  plants  (both  PEM  and  PAFC)  for 
transportation  applications  is  also  underway. 


Figure  3.  Schematic  diagram  of  a  100  kW  mobile  electric  power  plant  to  be  built  by  International 
Fuel  Cells.  The  system  is  based  on  a  phosphoric  acid  fuel  cell  with  an  autothermal  reformer. 

Finally,  several  ARPA-funded  research  efforts  are  developing  new  logistics  fuel  processing 
concepts  (e.g.,  catalytic  cracking  (Aspen  Systems,  Inc.),  "unmixed  combustion"  (Energy  and 
Environment  Research),  and  micro  partial  efficiencies,  small  sizes  and  weights,  and  a  high 
tolerance  to  impurities.  The  possibility  of  directly  oxidizing  hydrocarbon  fuels  in  solid  oxide 
(current  performance:  0.6  V  @  60  mA/cm^  with  octane)  and  proton  exchange  membrane  fuel  cells 
is  also  being  explored.  The  advantages  of  this  approach  are  shown  in  Figure  4.  The  development 
and  demonstration  of  direct  oxidation  fuel  cells  is  the  ultimate  goal  of  the  ARPA  program. 

Although  the  scope  of  the  current  ARPA  mobile  electric  power  fuel  cell  program  is  quite 
comprehensive,  new  ideas  for  converting  logistic  fuels  to  hydrogen  and  carbon  monoxide,  at  high 
efficiency  and  with  low  hardware  volume;  for  the  removal  of  sulfur  (and  other  impurities)  from  the 
fuel  or  fuel  gas;  and  for  internally  reforming  or  direct  oxidation  of  logistics  fuels  in  fuel  cells  will 
always  be  considered.  It  should  be  noted  that  despite  the  success  of  these  efforts,  early 
introduction  of  fuel  cell  powered  systems  into  the  field  may  be  precluded  by  both  cost  and 
complexity  (Figure  4). 

Portable  Power 

The  Department  of  Defense  currently  spends  in  excess  of  $100M  per  year  on  batteries  (not 
including  maintenance  and  disposal  costs).  The  largest  single  application  is  for  the  Army  where 
they  purchase  approximately  350,000  large  primary  (i.e.,  use  once  and  dispose)  lithium  batteries 
(BA-5590,  see  below)  costing  more  than  $20M  per  year  to  power  communication,  control,  and 
other  portable  field  equipment.  A  small,  simple  fuel  cell,  based  on  the  direct  oxidation  of  methanol 
(e.g.,  CH3OH  +  3/2O2  CO2  +  H2O)  in  a  proton  exchange  membrane  fuel  cell,  has  the  potential 
to  replace  lithium  battery  technology  in  many  DoD  applications.  Methanol  is  chosen  as  a  potential 
fuel  due  to  its  high  energy  density  (5.6  Wh/g),  safely,  low  cost,  ease  of  handling  and  distribution. 


Conventional  Approach 


Direct  Oxidation 


•  Reduced  complexity  by  a  factor  of  4-6 

•  Reduced  weight  and  volume  by  25-50% 

•  Improved  reliabilty  and  lower  maintenance 

•  Rapid  start  capability,  rapid  transient 

response 

•  Reduced  capital  and  operating  costs 

•  Lower  thermai  signature 

=»  Increased  applicability  of  fuel 
ceils  to  DoD  missions 


Figure  4.  The  advantages  of  direct  oxidation  of  liquid  fuels  vs.  the  more  conventional  approach. 

and  high  electrochemical  activity  (6e-/molecule).  The  advantages  of  the  direct  oxidation  approach 
are  summarized  in  Figure  4.  In  addition,  the  use  of  a  liquid  feed  eliminate  the  need  for  cooling 
plates  and  fans,  thus  minimizing  the  stack  size  and  further  simplifying  and  reducing  the  balance-of- 
plant. 


The  energy  density  of  an  individual  direct  methanol  fuel  cell  (DMFC)  is  estimated  to  be  up 
to  five  times  that  of  a  primary  lithium  battery.  This  greatly  reduces  the  weight  that  a  soldier  must 
carry  into  the  field  or,  alternatively,  increases  his  capability  for  the  same  weight.  In  addition,  these 
fuel  cell  are  not  thrown  away  after  each  use,  but  can  be  "recharged"  by  simply  adding  a  small 
amount  of  additional  methanol  to  the  fuel  tank.  Thus,  for  extended  missions,  the  "effective" 
energy  density  of  a  direct  methanol  fuel  cell  can  be  tens  or  even  hundreds  of  times  that  of  a  primary 
battery.  These  features  offer  a  great  incentive  for  ARPA  to  sponsor  electrochemical  and  materials 
research  activities  aimed  at  developing  the  basic  technology  and  in  demonstrating  the  operational 
characteristics  in  prototype  hardware. 

Recent  advances  in  the  performance  of  individual  direct  methanol  oxidation  fuel  cells  have 
yielded  power  outputs  of  nearly  350  mW/cm^  (0.5  V  at  680  mA/cm^)  and  four-cell  stacks 
approaching  180  W.  The  operating  efficiency  is  between  30  and  35%  (at  <300  mA/cm^)  and  the 
fuel  utilization  is  near  85%.  Individual  cells  have  run  for  more  than  200  hours  (>200  h 
continuous)  and  50  W  stacks  have  operated  for  over  1600  h  (more  than  25  start/stop  cycles)  with 
no  significant  poisoning.  These  cells  and  stacks  will  self-start  from  ambient  temperature  (20°C) 
and  can  be  run  on  atmospheric  pressure  air  (up  to  0.3  V  at  450  mA/cm^).  Thus,  the  present  state- 
of-the-art  is  close  to  being  sufficient  to  build  a  DMFC  that  will  match  the  output  of  the  most  widely 
used  high  capacity  DoD  lithium  battery  (the  BA-5590)  at  the  same  weight  and  volume  (a 
breadboard  unit  is  currently  under  construction,  see  Figure  5).  As  a  first  step  in  this  endeavor,  H 
Power  Corporation  is  building  a  hydrogen  fueled-PEM  version  of  this  system.  A  metal  hydride 
was  chosen  as  the  initial  fuel  storage  medium  due  to  its  simplicity  and  moderate  energy  density 


Figure  5:  Schematic  diagram  of  a  fuel  cell  equivalent  of  a  BA-5590  LiS02  battery. 


(-1.8  wt  %  H2).  Much  will  be  learned  about  component  sizing,  water  and  thermal  management, 
and  system  integration  from  these  early  experiments. 

In  it's  four  years  of  existence,  ARPA's  Advanced  Fuel  Cell  Technology  program  has 
increased  the  power  density  of  a  direct  methanol  oxidation  fuel  cell  by  more  than  a  factor  of  ten 
over  the  best  previous  results  (e.g.,  from  less  than  30  to  nearly  350  mW/cm^).  This  performance 
enhancement  could  only  be  possible  through  a  strong,  focused  approach  involving  close 
interactions  and  frequent  discussions  between  universities,  federal  laboratories,  small  businesses, 
and  industry  (Figure  6). 

Considerable  work  remains  to  be  done,  however,  if  the  full  potential  of  the  direct  oxidation 
fuel  cell  concept  is  to  be  realized.  For  example,  in  order  to  improve  the  fuel  utilization  and  to  raise 
the  overall  system  efficiency,  both  an  improved  anode  catalyst  and  a  high  ionic  conductivity 
membrane  with  reduced  fuel  crossover  must  be  developed.  Current  efforts  are  therefore  aimed  at: 
1)  increasing  the  catalytic  activity  of  the  Pt-Ru  anode  for  the  oxidation  of  methanol  by  the 
optimization  of  catalyst  structures  and  by  the  addition  of  a  third  metallic  constituent  and/or  an 
organometallic  complex,  2)  reducing  the  cross-diffusional  loss  of  methanol  from  anode  to  cathode 
by  modifying  the  proton  exchange  membrane  or  by  synthesizing  on  alternative  membrane  material 
with  a  lower  inherent  crossover  (a  consequence  of  this  will  be  the  ability  to  operate  on  a  higher 
concentration  of  methanol  and,  therefore,  to  improve  performance  further),  3)  developing  a 
substitute  for  the  present  platinum  cathode  catalyst  that  will  be  unaffected  by  methanol,  4) 
enhancing  electrochemical  performance  through  the  use  of  alternative  high  energy  density  liquid 
fuels,  5)  testing  liquid  and/or  solid  oxidants  to  allow  air-independent  operation,  and  6)  developing 
low-cost,  light  weight  materials  and  novel  assembly  concepts  for  separators,  flow  fields,  and  end 
plates. 


Based  on  the  success  of  the  program  to  date  and  on  the  developments  expected  within  the 
next  6-12  months  to  improve  cell  and  stack  performance  and  efficiency,  it  is  anticipated  that 
ARPA  will  initiate  the  procurement  of  one  or  more  prototype  demonstration  units  designed  to  meet 
this  and  other  specific  DoD  requirements. 
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Development  of  Catalysts, 
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Figure  6.  Team  approach  to  the  development  of  direct  methanol  oxidation  fuel  cells.  The  double¬ 
headed  arrows  indicate  significant  interactions  between  these  different  groups. 


High  Performance  Fuel  Cell  Initiative 

Underlying  the  two  main  thrusts  outlined  above  is  the  realization  that  fuel  cells  will  only  be 
used  if  1)  their  performance  (e.g.,  mass  and  volume  energy  densities)  is  high  and  2)  their  costs  are 
low.  In  order  to  stimulate  the  development  of  such  systems,  ARPA  is  sponsoring  three  fuel  cell 
development  programs  in  its  High  Performance  Fuel  Cell  Initiative.  These  included  the 
development  of  proton  exchange  membrane  and  solid  oxide  fuel  cell  systems  operating  on 
hydrogen  and  air  at  1  atmosphere  of  pressure  and  greater  than  1  kW/kg  and  1  kW/I.  Current  single 
cell  performance  is  now  adequate  to  reach  these  goals  (PEM:  0.7  V  at  1 100  mA/cm^,  humidified 
operation  and  800  mA/cm^,  unhumidified  operation  (Figure  7);  SOFC:  0.78  V  at  800  mA/cm^) 
and  multicell  stacks  are  under  construction.  Thus,  the  key  technological  challenge  is  to  reduce  the 
size,  weight,  and  cost  of  the  bipolar  separator  plates  and  gas  manifolds.  Current  contractors 
include  Texas  A&M  University  and  Lynntech,  In.  (PEM)  and  Allied  Signal  (SOFC). 


Cell  Voltage,  V 


Figure  7.  Recent  performance  of  a  5  cm^  hydrogen/air  proton  exchange  membrane  fuel  cell 
operating  at  60°C  and  1  atm  total  pressure  (Texas  A&M  University). 
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Introduction 

The  ARL  energy  storage  program  is  oriented  toward  the  technology  of  lithium  batteries, 
electrochemical  capacitors  and  miniature  fuel  cells.  The  relative  advantages  and  disadvantages  of 
these  components  are  shown  in  the  table.  Lithium  batteries  provide  good  energy  density 
(improvements  to  the  400  Wh/kg  level  are  foreseeable)  and  cannot  be  excelled  for  low  temperature 
operation  and  fast  startup  and  throttling.  Major  disadvantages  are  the  high  cost  of  primary  batteries 
and  the  inconvenience  of  recharging  under  battlefield  conditions.  Small  fuel  cell  systems,  when 
designed  for  longer  missions,  can  probably  provide  several  times  the  energy  density  of  batteries 
and  low  operating  costs,  but  may  not  be  useful  for  those  Army  communications  missions  which 
require  extremely  low  temperatures  (without  ancillary  heaters)  and  rapid  startup.  Electrochemical 
capacitors  store  modest  amounts  of  energy  but  can  provide  power  densities  one  to  two  orders  of 
magnitude  greater  than  the  other  two  components  and  will  find  application  in  load  leveling  of  those 
components. 

Primary  Lithium  Batteries 

Primary  batteries  have  always  been  a  preferred  power  source  for  Army  communications 
under  battlefield  conditions.  The  Li/S02  battery,  introduced  by  ARL  in  the  early  1980s  has 
provided  superior  performance,  but  has  never  achieved  the  eommercial/low  cost  status  desired  by 
the  Army.  Li/Mn02,  under  advance  development  of  CECOM  appears  to  be  one  candidate  for 
future  replacement  of  Li/S02.  ARL  is  exploring  Li/(CF)x  as  an  alternative.  The  effort  has  two 
thrusts:  the  development  of  higher  power  density  configurations  than  that  of  commercial  cells 
(with  Rayovac)  and  the  preparation  of  low  temperature  fluorinated  carbons  (with  U.  of  Grenoble) 
which  should  have  higher  ionic  nature  than  commercial  (CF)x. 

Rechargeable  Li  (Ion)  Batteries 

The  Army  now  attached  high  priority  to  the  development  of  a  high  performance 
rechargeable  battery  to  accomplish  cost  savings  in  communications  training.  The  most  advanced 
"rechargeable  Li"  battery  is  the  "Li-Ion"  battery  in  which  carbon  serves  as  the  host  for  Lithium  fr 
the  purpose  of  enhancing  user  safety.  With  present  formulations,  energy  densities  are  only  2/3  that 
of  the  Army's  present  primary  battery  (Li/S02,  175  Wh/kg)  with  limited  low  temperature  capability 
and  big  temperature  stability.  Wide  acceptance  within  the  Army  for  "realistic"  training  and  future 
battlefield  "distributed  power"  (when  used  with  fuel  cells,  thermophotovoltaic  generators  or  other 
larger  primary  sources),  probably  requires  rapid  reeharge  capability  and  improved  discharge 
performance.  ARL  is  continuing  basic  research  on  electrolytes  and  cathode  materials  (begun  in  the 
early  1970s)  which  has  already  contributed  to  present  Li-Ion  formulations.  A  more  applied  effort 
of  developing  low  temperature,  thermally  stable  electrolytes  for  an  ARPA  TRP  program  (with 
SAFT)  was  begun  last  year  and  has  resulted  in  the  discovery  of  an  electrolyte  additive  to  enable  the 
use  of  imide  and  methide  salts  without  the  corrosion  of  cell  current  collectors. 

The  use  of  solid  polymeric  electrolytes  may  provide  a  doubling  of  the  energy  density  of 
both  rechargeable  and  primary  Li  batteries.  ARL  has  had  an  R&D  effort  in  this  area  for  a  number 
of  years  and  has  participated  in  ARPAs  program  to  develop  flexible  manufacturing  methods  for 
Li/polymer  batteries.  The  present  ARL  program  includes  SBIR  Phase  II  contracts  with 
Technochem  Co.  and  Covalent  Associates  which  are  scheduled  to  produce  prototype  cells  in  FY 
97.  The  Technochem  contract  includes  the  synthesis  of  new  imide  and  methide  salts  for  both  solid 


and  liquid  electrolytes.  The  covalent  contract  features  the  development  of  inorganic/organic 
composite  electrolytes. 

Electrochemical  Capacitors 

Two  types  of  electrochemical  capacitors  have  been  proposed  over  the  years.  "Double 
Layer"  capacitors  usually  comprise  high  area  carbon  and  sulfuric  acid,  potassium  hydroxide  or  an 
organic  electrolyte.  These  will  probably  be  most  appropriate  for  the  large  capacitor  banks  needed 
for  acceleration  and  dynamic  braking  of  Army  electric-drive  vehicles  and  for  engine  starting  of 
more  conventional  diesel-powered  Army  vehicles.  "Pseudocapacitors"  usually  involve  the  use  of 
hydrogen  adsorption  elements  (Pt  or  Pd)  or  of  superficially  hydrogenated  transition  metal  oxides 
(crystalline  Ru02,  Ir02)  with  sulfuric  acid.  The  ARL  program  has  resulted  in  the  discovery  that 
amorphous  forms  of  Ru02  can  provide  twice  the  energy  density  of  the  crystalline  variety 
previously  known  (capacitance  of  760  F/g)  probably  because  it  permits  bulk  hydrogenation  of  the 
material.  Prototype  capacitors  made  with  the  new  material  provide  the  highest  energy  and  power 
densities  yet  reported  for  electrochemical  capacitors.  We  see  this  as  very  attractive  technology  for 
use  in  emerging  Army  and  civilian  burst  communications  applications  where  the  relatively  small 
size  of  devices  will  allow  the  use  of  a  higher  cost  material  than  carbon. 

The  continuing  ARL  program  on  capacitors  (particularly  ARPA/ASTO  -  funded)  has  two 
thrusts:  1)  the  further  development  of  Ru02  prototype  capacitors  and  2)  the  development  of 
improved  carbons  and  organic  electrolytes  for  double  layer  capacitors. 

Miniature  Fuel  Cells 

Small  fuel  cell  systems  may  be  used  to  directly  power  electronic  and  small  electrical 
equipment  for  the  individual  soldier  or  to  recharge  lithium  batteries  for  those  applications.  The 
most  appropriate  technology  for  that  purpose  now  appears  to  be  hydrogen  or  methanol  -  fueled 
PEM  technology.  ARL  has  been  participating  in  and  complementing  ARPA  and  ARO-funded 
programs  which  have  the  goal  of  developing  such  technology. 

In  the  area  of  H2/PEM  fuel  cells,  ARL  has  been  particularly  concerned  with  achieving  very 
lightweight  high  power  density  stacks  for  50-200  W  service.  For  small  units,  it  would  be  vary 
advantageous  to  avoid  the  need  to  provide  ancillaries  for  membrane  humidification,  heat  removal, 
air  convection,  etc.  An  effort  was  initiated  with  Dupont  to  modify  NAFION  to  retain  good 
conductivity  under  low  Rh  conditions.  Samples  with  twice  the  conductivity  under  normal 
conditions  have  been  prepared  and  are  under  evaluation.  An  SBIR  program  was  initiated  to 
develop  lightweight  materials  and  designs  for  fuel  cell  stacks.  The  internal  program  includes  the 
development  of  technology  for  "printing"  monopolar  fuel  cell  arrays  on  a  single  sheet  of  polymer. 

In  the  area  of  methanol/PEM  fuel  cells,  the  ARL  internal  effort  has  concerned  itself  with 
electrocatalysts.  Recently  completed  work  concerned  evaluation  of  catalytic  properties  Vs  catalyst 
morphology  for  a  wide  range  of  Pt/Ru  catalysts  prepared  by  thermal  decomposition  of  salts. 


RELATIVE  CHARACTERISTICS  OF  ELECTROCHEMICAL 

ENERGY  STORAGE  DEVICES 
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RECHARGEABLE  Li-ION  BATTERIES 
ARL  R&D  PROGRAM 
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•  Alternative  Anode  and  Cathode  Materials 

-  Needed  for  higher  energy  and  density 

-  Some  exploration  of  new  cathode  materials  (e.g.,  LixCu02) 

-  Exploration  of  inorganic  binders  for  Carbon  (with  Johns 
Hopkins  University) 


Li/POLYMER  BATTERIES 
ARL  R&D  ACTIVITIES 
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Covalent  Associates  Inc.  (SBIR  -  4/94  to  10/96) 

•  Development  of  gel  electrolytes  using  Li-substituted  moiecular 
sieves 

•  Development  of  Prototype  cells 
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PRIMARY  Li(CF)x  BATTERIES 
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ARL  internal  effort  deals  with  evaluation  of  (CF)x  preparations,  thermal 
stability  and  storage  life  of  ceils  (using  microcalorimetry) 


ELECTROCHEMICAL  CAPACITORS 
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•  Pseudocapacitor  R&D  for  communications 
applications 

•  Doubie  iayer  capacitor  R&D  for  other  appiications 


Background 

K11O2  as  an  electrode  material  for  EC  capacitors 
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High  conductivity 
High  capacitance:  760  F/g 

Fast  redox  reaction  into  the  Imlk-Of  RuO2.xH2O(0<5<2) 


Crystal  Structure  of  RuO 


Crystalline,  T  >175 


FUEL  CELLS 
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•  Better  electrocatalysts  and  ion  membranes  for  methanol  fuel 
cells 


METHANOL/PEM  FUEL  CELLS 
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(Prof.  T.A.  Barberi) 

-  Electrochemical  STM  studies  of  methanol  electrocatalysts  (Dr. 
R.  Srinivasan) 
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•  A  number  of  new  membranes  have  been  prepared  with 
higher  conductivities  under  room  temperature,  high  RH 
conditions 

•  Evaluation  under  low  RH  conditions  in  process 


U.S.  ARMY  CECOM  BATTERY  ARSENAL 


H.A.  Christopher 

U.S.  Army  CECOM  Battery  Arsenal 
U.S.  Army  Communications-Electronics  Command  Research 
Development  Engineering  Center 
Ft.  Monmouth,  NJ 


Introduction 

The  end  item  products  of  CECOM's  Research,  Development  and  Engineering  center  range 
from  large,  ground  based  Satellite  Communication  and  complex  Command  &  Control  systems  to 
small,  manpack  portable  electronic  devices  such  as  night  vision  goggles  and  radios.  There  are 
about  700  of  these  small  Communication/Electronic  devices  in  the  field  or  on  the  drawing  boards 
today.  They  are  all  designed  to  operate  on  battery  power  and  today  there  are  over  300  different 
battery  types  (mostly  primary/throwaway  types)  supplied  to  the  field  to  support  these  end  items. 
This  battery  proliferation  contributes  significantly  to  both  the  logistics  and  cost  burden  of  the 
Army.  Last  year  CECOM  bought  about  $48M  of  these  batteries  representing  more  than  half  of  the 
Army  Material  Command's  FY-95  $77.2M  battery  expenditure  (Figure  1). 

To  reduce  the  proliferation/cost  problem  we  are  working  with  equipment  developers  to 
encourage  the  use  of  commercial,  off-the-shelf  batteries  (first  priority)  or  one  of  the  five  standard 
Army  battery  configurations  we  have  selected  based  on  their  present  demand/sales  volume.  The 
largest  and  most  popular  standard  battery  today  is  the  BA-5590  primary  Lithium/sulfur  dioxide 
battery  driven  by  the  requirements  of  the  SINCGARS  (manpack)  radio.  This  battery  configuration 
also  serves  as  the  power  source  for  over  50  other  equipments  covering  power  demands  ranging 
from  only  a  few  watts-continuous  duty  to  over  300  watts-burst.  The  latter  achievable  today  only 
with  the  Nickel  cadmium  or  Nickel  Metal  Hydride  "5590"  analogs. 

Over  the  past  several  decades  the  power  requirements  of  new  CECOM  equipments  has 
increased  exponentially  (Figure  2),  and  we  have  developed  and  fielded  higher  performance 
batteries  to  meet  these  needs  (Figure  3).  During  the  last  several  years  cost  has  become  a  relatively 
higher  priority  in  the  user  community.  This  has  resulted  in  imposing  the  use  of  lower  energy 
density  rechargeable  batteries  with  their  attendant  chargers  for  training  missions  against  the  desire 
of  commanders  who  want  to  "train  as  we  fight".  The  result  is  a  user  community  with  a  list  of 
unrealistic  demands  (Figure  4)  and  an  unwillingness  to  consider  trade-offs  in  convenience  and 
performance  against  cost  and  related  logistics  issues  (Figure  5). 

Primary  Batteries 

The  Lithium/sulfur  dioxide  primary  battery  system  took  over  ten  years  to  develop  before  its 
initial  fielding  in  the  late  70s  and  has  been  further  improved  in  each  subsequent  production 
contract.  It  is  still  a  military-unique  system  and  will  be  hard  to  beat  as  a  war  reserve,  combat-ready 
power  source  (Figure  6). 

During  the  80s  the  Army  spent  several  million  dollars  to  corhplete  the  development  of  a 
family  of  lithium  thionyl  chloride  analog  primary  batteries  having  early  twice  the  energy  content  of 
their  SO2  counterparts.  This  system  never  got  into  production  due  to  the  lack  of  cost  effectiveness 
over  SO2  and  the  concern  for  involvement  with  another  military  unique  primary  battery. 

Today  our  focus  is  on  the  development  of  a  dual-use  lithium  Manganese  dioxide  system 
with  light  weight,  low  cost,  "pouch  cell"  prismatic  packaging  technology  (Figure  7). 


Additional  Systems  Under  Consideration 


Rechargeable  Batteries 
Hybrid  Power  Sources 
Metal  (Zinc)- Air  Batteries 
Thermophotovoltaics 


fy-qf;  AMC  battery  sales 


/G. 


ooooooooo 

CD’^CMOOOCO’^CVJ 


CO 

cn 

LU 


CO  _l 

O 

o  o 


52<£L 

CO  S  o 

Q  O  CO 

Q^Ofc 


!j  s  ^ 


h-  lO 

T 
O  CO 
DC  CL 
0.  0. 

z  z 
<  < 


rvl 

0) 


(SilVM)  y3MOd 


BATTERY  EVOLUTION 


OX/SyH-liVM 


USER  PERCEIVED  STATUS 


POWER  CONSUMPTION  IS  EXCEEDING  CAPABILITY 
TO  SUPPLY  WITH  BATTERIES  OR  GENERATORS 
>50%  OF  BUDGET  IS  SPENT  ON  POWER 
SYSTEM  IMPERMEABLE  TO  USER  /  IDEAS 


Generic  Requirements 


>  >  >  5H 

—  ^ 
T-  CM 


>>>>>>> 
▼-COh-  ^CMCM 


B 

n 


Lithium  Sulfur  Dioxide 


«  © 
"a  u 


L  •PN 

S  s 


1  ^ 
s 

U  M 


2 

fl  2^ 
S  5a 


^  a> 
a>  u 

•pN 

io 

u 


vn  'a 

pC  2 

U  ^ 

?  ^ 
^  Q> 

tS  'S 


fi  ITi 
c«  <s 

S  (S 


U  ^ 
© 

«a  pfi 


-a 

•Sf  ^ 
ffl 


Indicator  Developed/ 
Proven 


Lithium  Manganese  Dioxide 


U 

a 


c5 


0^ 


d 


s 

;i« 

O) 

A 


o 

H 

o 

h^l 


a> 


c« 


ON 

IT) 

IT) 

I 

< 

PQ 


-S  « 

>2  o  -s 


CZ2 

I 


^  O 

PQ 


OX) 

u 

o 

a> 

0 

o 

A 

A 

<s 

n 

O 

O 

(Z) 

im 

CZ5 

:;a 

o 

:0 

A 

A 

m 

t5^ 

*h3 

.a 

?/5 

pfl 

O 

o 

o 

A 


o 

M) 

U 

5  >-< 

-C  o 

u  « 

(M  o 

o  S 
'  r 
o  a 

HH 
C3  ” 

Xfl 


■*i*  cs 
M  o 

O 

u  I 

® 

fl 
r.  O 

S  u 

M  a 
^  O 

M  I 

•  PIN  O 

A 


Xgl 

A 

•im 

u 

S 

A 


ss  ® 
o  P3 

^  m 

fli  w 
42  0) 
o 

A  *rt 
A  ® 

2  1 

A  o 


•  P^ 

s 

o 

JA 

u 

"o 

u 

o 

s 

s 

o 

U 


T3 

o 

A 

"o 

>► 

o 

Q 

'o 

U 

I 

o 

M 

in 

fs 


O' 


21  CLW/Gen  II  Demos 
1996, 1998 


RATTERY  COMPARISON 
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ecliargeabie  Battery  Comparison  (BB-590  Coiinguration) 
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FUEL  CELL  WORK  AT  LANL  AND  COMMENTS  ON 
FUEL  CELL  BASED  INEXPENSIVE  PORTABLE  POWER  SOURCES 


Dr.  Shimshon  Gottesfeld 
Los  Alamos  National  Laboratory 
MEEl  1 -Electronics  Research  Group 
PO  Box  1663 
MS  D  429 

Los  Alamos,  NM  87545 


The  fuel  cell  core  research  program  at  LANL  has  been  involved  in  polymer  electrolyte 
(PEFC)  R&D  for  more  than  10  years  and  has  thus  become  a  center  of  expertise  in  this  field  of 
science  and  technology.  The  work  of  the  group  at  this  point  in  time  is  divided  into  efforts  on 
reformate/air  fuel  cells,  supported  by  DOE/OTT  and  DOE/OUT,  and  direct  methanol  fuel  cells, 
supported  by  DOE  for  potential  transportation  applications  and  by  DARPA  for  portable  power 
applications. 

In  the  direct  context  of  the  main  subject  of  this  Workshop,  we  have  recently  developed  an 
air  breathing  fuel  cell  “stackette’,  fueled  from  a  small  metal  hydride  canister,  which  provides  an 
interesting  basis  for  a  power  source  of  properties  close  to  14W/60  Whrs,  of  volume  and  weight 
which  could  seriously  be  considered  for,  e.g.,  a  lap  top  computer.  This  system  has  been  patented 
by  LANL  (Mahlon  Wilson).  It  takes  advantage  of  some  advanced  membrane/electrode  assemblies 
based  on  very  thin  membranes  as  recently  developed  by  W.L.Gore,  to  achieve  very  stable 
performance  under  the  simplest  (least  demanding)  conditions  of  air  breathing  (no  forced  flow)  and 
no  external  supply  of  humidity.  Work  on  this  system  consisting  of  small  scale  air  breathing  PEM 
fuel  cell  combined  with  a  small  metal  hydride  canister  (total  dimensions  already  quite  close  to  what 
is  required  for  packaging  into  a  lap  top  case),  has  provided  us  with  a  pretty  good  idea  on  the 
ultimate  simplicity  and  potential  for  low  cost  of  such  portable  fuel  cell  systems  and  on  how  close 
they  are  already  to  compelling  demonstration  and  subsequent  possible  implementation. 

Having  stressed  the  most  direct  origin  of  our  belief  in  the  potential  of  fuel  cells  as  low 
cost/high  performance  portable  power  sources,  let’s  return  to  a  brief  discussion  of  ongoing  work  at 
LANL  in  this  general  field  of  R&D. 


Hydrogen  and  Reformate/Air  Fuel  Cells 

The  work  consists  of  R&D  and  testing  efforts  based  primarily  on  the  membrane/electrode 
technology  developed  at  LANL  which  enables  very  high  performance  with  ultra-low  catalyst 
loadings.  Loadings  as  low  as  0.1  mgPt/cm2  on  the  cathode  and  one  fifth  of  that  on  the  anode  are 
sufficient  to  obtain  areal  power  densities  of  0.5W/cm2  of  membrane  area  in  operation  on  neat 
hydrogen  and  air.  In  portable  power  applications,  hydrogen/air  cells  will  need  such  small  amounts 
of  Pt  that  the  cost  of  the  catalyzed  membrane  will  be  very  small  (of  the  order  of  cents  per  watt, 
considering  lower  cost,  non-fluorinated  proton  conducting  membranes  which  are  being  developed 
now  at  several  places  including,  e.g.,  Hoechst,  and  that  could  provide  low-cost  viable  alternatives 
to  PFSA  membranes  for  such  applications. 

Recent  efforts  at  LANL  in  the  field  of  PEM  fuel  cell  R&D  have  been  devoted  to: 

*  CO  tolerance  of  the  anode 

*  Low  Cost,  Manufacturable  Fuel  Cell  Hardware  Components 


*  Novel  humidification  schemes,  including  operation  with  no  external  humidifcation 

We  have  recently  demonstrated  that  tolerance  to  CO  levels  as  high  as  600  ppm  in  hydrogen 
feed  streams  can  be  achieved  in  PEM  fuel  cells  by  using  PtRu  anode  catalysts  of  somewhat  higher 
loadings  and  increasing  the  cell  operation  temperature  to  120°C.  This  is  not  necessarily  relevant  to 
portable  power  applications,  unless  the  hydrogen  is  to  be  derived,  for  example,  from  reforming  of 
liquid  fuels,  rather  than  from  stored  pure  H2. 

We  have  performed  recently  a  2000  hours  life  test  of  a  hydrogen/air  PEFC  of  100  cm“ 
active  area  with  low  loading  LANE  membrane/electrode  assemblies  (  MEAs)  and  with  the 
hardware  for  the  bipolar  plates  and  for  the  flow  fields  all  based  on  316  stainless  steel  foils  and 
screens  -  off-the  shelf  sheets  and  screens,  just  cut  and  punched  (no  machining).  The  test  revealed 
no  loss  of  conductivity  in  either  the  metal  components  or  the  membrane  of  the  tested  cell  after 
continuous  operation  for  2000  hours.  This  result  reveals  further  important  potential  for 
simplification  of  PEFC  stack  configuration  and  mode  of  manufacturing.  Although  the  use  of  metal 
hardware  may  pose  some  question  in  portable  power  applications,  it  is  possible  that  some  higher 
conductivity  and  mechanical  advantages  will  enable  higher  volume  power  densities  and, 
consequently,  comparable  weight  power  densities  to  those  achieved  with  graphite  based  stacks.  At 
this  point,  however,  graphite/plastic  composites,  machined  and,  more  recently,  molded,  have  been 
considered  the  primary  materials  of  choice  for  PEM  fuel  cell  bipolar  plates.  The  latter  require  some 
improvement  in  conductivity,  particularly  surface  conductivity,  and  improved  mechanical  flexibility 
to  facilitate  failure  free  stack  assembly. 


As  to  effective  and  simple  humidification  schemes  for  hydrogen/air  cells,  it  has  been 
mentioned  above  that  stack  operation  without  any  external  humidification  has  been  demonstrated 
by  us  for  air  breathing  stacks  developed  for  portable  power.  The  technology  development  required 
to  achieve  this  important  feature  has  been  the  one  mil  thick  ionomeric  membranes  and  MEAs,  as 
developed  recently  by  Gore. 

Direct  Methanol  Fuel  Cells  (DMFCs) 

Comparable  evaluations  of  hydrogen/air  and  methanol/air  systems  for  portable  power 
applications  shows  the  opportunity  in  both  cases  to  exceed  100  Wh/Kg  of  system  weight  with 
additional  developments  in  each  of  these  fuel  cell  technologies  (see  my  comments  attached  on  the  f 
relevant  future  R&D  efforts  required).  The  main  advantage  of  the  DMFC  is  the  higher  energy 
density  of  the  fuel.  The  main  relative  disadvantages  at  the  time  this  summary  is  being  written  are 
“leaky”  ionomeric  membranes  (excessive  cross-over)  and  less  established  performance 
reliability/reproducibility  for  a  DMFC  stack  vs,  a  hydrogen/air  stack.  The  work  on  DMFCs  at 
LANE  preceding  the  DARPA-sponsored  work  at  EANE  on  this  subject,  has  concentrated  on 
potential  transportation  applications  (sponsored  by  DOE/OTT).  The  stress  has  thus  been 
maximizing  performance,  and  the  way  to  achieve  that  target  has  been  hiking  the  temperature  of  the 
DMFC  over  100°C.  This  turned  out  to  be  possible  with  ordinary  Nafion  membranes,  because  the 
anode  side  of  the  membrane  is  kept  in  contact  with  a  methanol/water  liquid  mixture  at  such  elevated 
temperatures,  keeping  the  resistivity  of  the  membrane  low  even  at  temperatures  as  high  as  130°C. 
Methanol/oxygen  and  methanol/air  cells  have  been  demonstrated  to  yield  under  such  conditions 
power  densities  of  400  and  250  mW/cm“  of  membrane  area,  respectively.  Such  performance  has 
generated  significant  renewed  interest  in  the  prospects  of  this  directly  liquid-fed  fuel  cell  as  a 
primary  power  source  not  only  for  portable  power  but  also  for  transportation  applications.  In  fact, 
overall  energy  conversion  efficiency,  overall  system  power  density  and  energy  density  and  overall 
system  cost  seems  all  to  be  rather  close  for  a  system  based  on  a  DMFC  and  a  system  based  on  a 
methanol  reformer  and  a  reformate/air  fuel  cell  for  transportation  applications. 


Summary 


From  the  experience  accumulated  at  the  Fuel  cell  Core  Technology  R&D  program  at 
LANL,  there  seems  to  be  a  very  good  basis  for  the  hope  to  manufacture  small  scale  fuel  cell  power 
sources  for  portable  power  (lOW  -  lOOW  range  with  5-10  hours  mission)  for  less  that  1  $AVh  and 
better  than  100  Wh/kg.  Both  hydrogen/air  and  methanol/air  systems  should  be  considered. 
Comments  on  further  R&D  efforts  required  have  been  outlined  below. 


I.  Hydrogen/Air  Fuel  Cells 

(1)  Performance:  The  main  barrier  to  competitive  performance  of  hydrogen  fueled  PEM  fuel 
cells  as  battery  replacements  has  been  limited  hydrogen  storage  capacity  in  safe  form.  To  achieve 
competitive  energy  densities  (in  excess  of  200  Wh/Kg  for  missions  of  ten  hours)  the  most 
important  development  required  in  the  field  of  hydrogeri/air  PEM  fuel  cells  is  hydrogen  storage 
with  weight  percent  hydrogen  of  about  4%.  To  satisfy,  at  the  same  time,  safety  requirements, 
storage  in  solid  state  is  preferrable  to  gaseous  storage  at  high  pressure.  Storage  in  the  form  of  a 
chemical  system  for  generation  of  hydrogen  (e.g.,  water  -i-  hydrogen  releasing  solid)  is  probably 
an  intermediate  priority.  As  a  comment,  it  should  be  noted  that  some  relaxation  of  the  storage 
density  requirement  could  be  achieved  by  an  increase  of  the  net  power  density  of  the  PEM  fuel  cell 
stack  beyond  100  W/liter  in  air  breathing  or  forced  1  atm  air  convection  mode. 

(2)  Temperature  range:  A  weak  aspect  of  the  PEM  fuel  cell  is  the  very  limited  performance 
below  the  water  freezing  point.  This  is  caused  by  problems  associated  with  water  freezing  in 
various  parts  of  the  system,  but  the  most  fundamental  problem  has  to  do  with  the  drop  of  protonic 
conductivity  in  the  membrane  electrolyte  with  temperature.  It  is  suggested  that  a  long-term  effort 
should  be  considered  to  try  to  improve  membrane  conductivity  at  temperature  below  the  water 
freezing  point.  Design  of  new  ionomers  with  enhanced  proton  mobility  at  T<  0  deg  C  could  be 
based  on  (I)  fine  tuning  of  properties  of  PFSA  membranes  (e.g.,  lower  EW)  taking  advantage  of 
the  limited  life  requested  in  these  applications,  or  more  radical  changes,  such  as  imbibing  in  liquid 
electrolyte  (solution  for  one-time-operation  only). 

As  long  as  an  alternative  membrane  material  for  T<  0  deg  has  not  been  provided,  effective  modes 
of  start  up  from  very  low  temperature  have  to  be  demonstrated.  This  is  not  considered  a  very  touhg 
problem,  but  should  be  demonstrated  for  each  start  upode  proposed  to  satisfy  “Start-Up” 
requirements. 

Comment:  Freeze-rethaw  cycling  without  resulting  loss  of  PEM  stack  performance  under  ordinary 
opertion  conditions  has  been  demonstrated  for  some  cell/stack  configurations. 


Direct  Methanol  Fuel  Cells: 

Rapid  Start  Up(  Short/Medium):  Because  of  the  low  power  of  the  DMFC  at  temperatures  of 
25  deg  C  or  below,  bringing  the  cell  temperture  up  by  cell  shorting  could  be  too  slow.  Solutions 
are  required,  for  example  temperary  operation  on  hydrogen  (from  hydride  storage)  or  on 
hydrogen/methanol  mixtures,  catdytic  methanol/air  recombination  at  the  cathode  catalyst. 

Performance  (Medium):  Cross-over  of  methanol  through  the  membrane  electrolyte  has  been 
identified  as  the  most  severe  present  day  defficiency.  Membranes  of  lower  methanol  flux  AND 
satisfactory  protonic  conductivity  (such  as  to  suffer  only  minimal,  or  zero  lowering  in  voltage 
effciiency)  are  the  highest  priority  materials  reseacrh  target. 


Reliability  (  Medium):  Questions  of  performance  stability  are  still  open,  to  do  with  the  stability 
of  anode  cathode  catalysts  as  well  as  other  electrode  and  membrane  properties  under  DMFC 
operation  conditions.  The  work  required  to  answer  these  qeustions  includes  DMFC  testing  with 
effective  diagnostics  and  development  of  alternative  electrode  materials  and  structures  to  enhance 
long-term  stability  and  reproducible  performance.  Another  key  to  achieving  the  “Reliability” 
requirements  could  be  a  “methanol  stopping  membrane”  of  sufficient  protonic  conductivity  which 
could  minimize  those  problems  associated  with  methanol  cross-over. 

Cost:  Lowering  anode  catalyst  loading  while  maintaining  performance  is  required  to  lower  cost. 

Temperature  Range:  See  discussion  of  a  low  T  membrane  for  the  PEM  fuel  cell,  as  well  as 
Start-Up  issues  for  the  DMFC. 


Fuel  Cell  Core  Research  Program 
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CROSS  SECTION  OF  POLYMER  ELECTROLYTE  FUEL  CELL 


GAS  DIFFUSION  BACKING 


Three  Generations  of  Catalyst  Layers 
for  Polymer  Electrolyte  Fuel  Cells 
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Air-Breathing  Fuel  Cell  System 
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Specific  Energies  of  a  10  W  System: 

Dependence  upon  Hydrogen  Storage  Density 
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8-CELL  STACK  PERFORMANCE 
on  metal  hydride  cylinder 
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Polymer  Electrolyte  Fuel  Cells  at  LANL: 

Present  Status  and  Future  Plans 
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Polymer  Electrolyte  Fuel  Cells  at  LANL: 

Present  Status  and  Future  Plans 
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CO  Effect  on  Pt  Anode 

Hj/Air  =  3/5  atm,  0.14  ma  Pi/em2  ^ 


Polymer  Electrolyte  Fuel  Cell 


-  Significantly  lower  fuel  efficiency  loss 

-  "Anode  Electrocatalyst  of  the  Future" 


The  Direct  Methanol  Fuel  Cells: 
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DMFC  Performance: 
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DMFC  Performance: 


Cell  Power  for  Polymer  Electrolyte  DMFC 
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HISTORICAL  PERSPECTIVES  ON  DISPOSABLE  FUEL  CELLS 


Patrick  Grimes 
Grimes  Associates 
504  Mountain  Avenue 
Westfield,  NJ  07090-3036 


General  histories  of  fuel  cells  usually  start  with  a  mention  of  the  Grove  fuel  cell.  Figure  1 . 
This  picture  of  a  regenerative  hydrogen  oxygen  fuel  cell  system  is  generally  rapidly  passed  over  to 
proceed  to  the  new  modem  fuel  cells. 

Grove  in  his  work  on  organic  fuels  operating  ethylene  fuel  cells  and  carbon  monoxide  fuel 
cells.  He  also  worked  on  chemical  hydrides  to  suppy  hydrogen  to  a  hydrogen  air  fuel  cell  system. 
Figure  2  shows  6  cells  in  series.  Grove  planted  many  seeds  for  fuel  cell  developments  of  today. 

There  are  many  historical  items  which  bear  upon  the  search  of  a  disposable  fuel  cell.  First, 
we  must  define  a  disposable  fuel  cell.  It  ranges  from  a  fuel  cell  which  is  disposed  in  the  trash 
during  or  after  use  to  fuel  cells  which  dispose  of  the  spent  reactants/products  (and  electrolyte)  after 
use.  The  fuel  cell  is  then  renewed  with  fresh  reactants  (and  electrolyte). 

There  are  too  many  references  relative  to  disposable  fuel  cells  to  consier  all  in  this  brief 
presentation.  We  have  limited  the  discussion  by  choosing  some  from  the  early  60s  -  30  years  ago. 

In  the  early  60s  the  discussion  was  mainly  on  alkaline  and  acidic,  low  temperature  systems. 
Fuels  included  methanol,  ethanol,  higher  alcohols,  acetaldehyde,  formaldehyde,  formic  acid, 
formate,  ethylene  glycol  and  higher  glycols,  as  well  as  sugar,  starch,  and  others.  Oxygen/air  s 
well  as  hydrogen  peroxide,  chlorite  and  chlorates,  permanganate  nitric  acid  were  among  the 
oxidants. 

The  performance  of  air  electrodes  in  alkaline  electrolyte  was  found  by  Kordesch  to  be 
dependent  upon  the  type  of  electrolyte,  the  hydrogen  peroxide  formation,  oxygen  activation 
catalysts,  peroxide  decoposition  catalysts  and  the  electrode  stmcurs.  While  Pt  at  1  mg/cm^  and  Ag 
catalysts  gave  better  performance  at  low  currents,  peroxide  decomposition  catalysts  gave  better 
performance  at  higher  currents  in  alkali.  Figure  3.  The  experiment!  electrodes  were  porous  thin 
hydrophobic  nickel  plaques,  0.008  in.  Thick  and  coated  with  catalyzed  carbon  (0.03  and  0.25  in. 
thick).  They  all  gave  40-50  mv  Tafel  slopes  on  air.  Figure  4.  The  performance  on  oxygen  on  the 
platinum  catalyzed  electrodes  was  essentidly  independent  of  the  thickness  of  the  coating,  indicating 
diffusion  limitations  with  air. 

Sodium  hydroxide  gave  better  long-term  performance  than  potassium  hydroxide  at  6  N 
with  Pt  on  carbon  electrodes  with  CO2  containing  air.  Figure  5.  The  longevity  of  spinel  catalyzed 
electrodes  was  on  average  5  times  greater  than  Pt  on  carbon  electrodes.  The  spinel  was 
CoO*Al203,  Figure  6.  The  performance  with  6  M  KOH  with  0.4  M  and  1.0  M  K2CO3  was 
essentially  the  same  on  scrubed  air.  Figure  7.  Electrodes  had  mechanical  damage  with  time.  The 
greater  the  degree  of  "non  wetting",  repellence,  the  longer  life.  NaOH  is  less  wetting  than  KOH. 
Pt  catalyzed  electrode  are  more  wettable.  Higher  current  densities  shorten  the  lives  of  electrode. 
Experiments  with  porous  metal  electrodes  indicate  that  "wet"  or  gas  pressure  balanced  electrodes 
have  low  tolerance  for  CO2,  a  few  hours,  and  are  not  reversible.  They  tend  to  crack.  Thin  flexible 
electrodes  could  be  washed  with  water  and  restored  to  near  new  performance. 

Methanol  air  fuel  cells  iwth  sulfuric  acid  electrolyte  were  studied  by  K.  Williams  at  Shell 
and  C.  Heath  ta  ESSO  (Exxon).  Shell  made  40  cell  systems  operating  at  300  watts  and  12  volts. 
Esso  made  similar  systems. 


The  electrodes  were  made  by  evaporating  gold  onthin  porous  PVC  and  catalysts  then  were 
applied  to  the  metal  substrte.  The  cost  was  $1.50  ft^.  The  inter  cell  distance  was  0.030  in.  with  an 
IR  loss  of  0.045  volt  at  100  ma/cm^.  The  voltage  of  the  air  electrode  was  depressed  by  20-60  mv 
by  methanol.  Figure  8.  The  cell  voltage  current  curves  are  given  in  Figure  9.  The  operating  cells 
had  an  ester  like  odor.  Ether  extracts  of  the  electrolyte  showed  in  addition  to  the  expected 
formaldehyde  and  formic  acid  traces  of  acetic  propionic,  butyric,  and  isobutyric  acids.  (Ether 
solvent  for  the  extraction  would  mask  the  production  of  ether  in  the  acidic  cells.  Later  private 
discussions  with  Williams  said  that  ethers  were  found  inthe  anode  exhaust  gas.)  Injection  of  these 
materials  into  fresh  cells  showed  poisoning  of  methanol  anodes. 

Methanol  air  cell  with  10  M  KOH  and  4.5  M  methanol  alkaline  electrolyte  were  operated  by 
Vielstich.  He  used  2-5  mg/cm^  Pt  on  porous  metal  carriers  for  anodes  and  porous  carbon  electrode 
for  cathodes.  The  cathodes  were  made  hydrophilic  with  polyethylene  in  organic  solvent.  They 
were  5  to  10  mm  thick  and  250  cm^.  There  was  no  penetratio  of  alcoholic  electrolyte  into  the 
electrodes  even  after  10,000  hours  of  operation.  The  open  circuit  was  0.9  v  with  0,5  amp  at  0.75- 
0.6  volt  and  2  amps  at  0, 6-0,5  volt.  The  methanol  evaporation  limited  the  methanol  usage.  The 
evaporation  was  about  5  mg/hour.  The  system  calculation  was  300  Wh/Kg  over  more  than  6000 
hours  and  1000  amphr/liter,  5-7  kWh/liter. 

Vielstich  also  operated  ethylene  glycol  air  cells.  In  acid  the  product  is  CO2  but  the 
potentials  are  less  than  formic  acid.  In  alkali  the  products  are  oxalate  there  is  a  strong 
dehydrogenation  at  60-90  and  currents  of  600  ma/cm^  can  be  obtained.  Porous  nickel  was  used 
for  the  anodes  either  as  a  double  skeleton  coin  or  as  a  flame  sprayed  Raney  nickel  on  porous 
nickel. 


Formic  acid  fuel  cells  have  better  performance  in  acid  on  Pt  catalyzed  electrodes  than 
methanol  and  formaldehyde.  There  is  a  poisoning  effect  with  time.  Frumpkin  found  tht  Pt/Ru 
reduced  poisoning  and  allowed  a  3-fold  improvement.  However,  in  both  cases  the  current  yield 
was  about  20%  with  corresponding  decomposition  of  formic  acid. 

Formate  is  the  initial  primary  product  in  the  oxidation  of  methanol  in  alkali  with  platinum. 
The  further  oxidation  occurs  at  a  lower  potential.  Grimes  and  Spengler  observed  that  there  is 
complete  oxidization  of  methanol  to  carbonate  ion  with  Pt/Pd  mixed  catalyst.  Formate  cells  can 
have  an  order  of  magnitude  greater  power  than  methanol  cells. 

Alloy  catalysts  were  reported  by  Vielstich  for  the  oxidation  of  formate.  He  found  in  scans 
that  a  peak  current  density  was  observed  with  Pd/Ag  and  Pd/Rh,  Figure  11. 

Alloys  for  the  oxidation  of  methanol  were  studied  extensively  by  Binder  et  al.  They  made 
Raney  catalysts  on  gold  skeletons  using  leachable  sodium  chloride  for  macropores.  The  map  of 
alloys  is  shown  in  Figure  12.  Here  is  significant  effects  with  the  alloys  both  in  acid  and  in  base. 
Figure  13-19.  Binder  postulates  that  the  catalytic  activity  correlates  to  the  magnetic  susceptibility 
of  the  alloys.  Figure  20. 

Grimes  and  Spengler  have  operated  formate  ion  fuel  cells  with  KOH  and  K2CO3 
electrolytes  with  good  performance.  The  studied  the  effects  of  Pt/Pd  ratio  and  found  that  the  lower 
ratios  were  most  effective.  Figure  21  and  Figure  22.  The  output  of  formate  ion  cells  approaches 
that  of  hydrogen  and  hydrazine  oxygen  cells. 

Fuel  cells  with  hydrogen  peroxide  as  an  oxidant  were  developed  at  Allis  Chalmers  by 
Grimes  et  al.  Mixed  electrolyte  solutions  of  fuel,  alcohol,  and  oxidant  -  hydrogen  peroxide  -  in 
electrolytes  of  hydroxide,  carbonate  and  bicarbonate  ions.  Specific  activity  of  catalysts  were  used 


to  direct  the  action  of  anodes  and  cathodes  in  separatorless  cells.  Pt  on  nickel  surfaces  were  used 
for  anodes,  and  silver  on  nickel  were  used  for  cathodes.  This  allowed  simple  bipolar  construction 
and  single  pump  design.  A  40-cell  system  with  100  cm2  electrodes  was  built.  Outputs  of  15  volts 
and  400  ma/cm^  amps  at  ambient  temperatures  were  obtained.  Adaptation  of  alloy  catalysts  would 
markedly  improve  performance.  Figure  24.  A  smaller  scale  version  were  sold  as  demonstration 
kits  for  students  and  others  Figure  25  and  26. 

Many  investigators  inthe  past  have  done  significant  work  which  will  aid  the  developers  of 
disposable  fuel  cells  for  the  future.  Read  the  literature. 


Fig.l  Four  cells  of  Grove's  H^/Oj  batterv'  [3J,  here  used  to  drive  an  electrolysi 
cell  “to  effect  the  decomposition  of  water  by  means  of  its  composition." 
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«  Fifty  atom  7o  with  2M  methanol  in  4.5  N 
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A  study  has  been  initiated  on  possible  low-cost  and  stable  materials  that  could  be  used  in 
"disposable  fuel  cells"  that  operate  for  lO's  of  hours  to  500  hours.  The  shorter  mission  times  may 
allow  use  of  materials  that  have  not  been  seriously  considered  for  long-life  proton-exchange 
membrane  fuel  cell  (PEMFC)  applications  (4,000  to  50,000  hours). 

Hydrogen/air  as  well  as  direct  methanol/air  PEMFC  are  being  actively  developed  as 
replacement  for  high-energy-density  military  batteries  in  ARPA-sponsored  programs.  Some 
candidate  low-cost  membrane,  catalyst  and  hardware  materials  for  these  applications  will  be 
reviewed. 

The  useful  life  of  PEMFC  is  dependent  on  1)  ionomer  membrane,  2)  electrode  structure 
and  support,  3)  hardware  materials/design,  and  4)  operating  conditions.  A  limited  number  of 
proton-exchange  membrane  sites  and  catalyst  sites  are  available,  thus  contamination  from  the 
materials  or  fillers  used  near  the  membrane  and  electrode  assemblies  (MEAs)  must  be  avoided. 
The  effect  of  certain  ions  on  MEA  contamination  is  shown  in  Figure  1 .  Also  PEMFCs  operating 
with  H2  and  O2  (air)  have  been  found  to  degrade  through  a  peroxyl  mechanism,  resulting  from  the 
permeation  of  the  O2  through  the  membrane  to  the  PEM/H2  catalyst  interface  where  peroxyl 
species  form  and  tend  to  degrade  the  membrane  (LaConti  et  al.,  1977,  1982,  1988;  Scherer, 
1990).  The  postulated  MEA  degradation  mechanism  is  shown  in  Figure  2. 

Factors  that  tend  to  accelerate  membrane  degradation  and  early  life  PEMFC  failures  include: 
1)  ionic  contamination  (Fe++»Cu++>Ni++>Na+),  2)  increasing  temperature,  3)  peroxide 
formation  (increased  O2,  H2  permeability  and  dry  operation  (indirectly,  higher  peroxide 
concentration).  The  effect  of  these  accelerants  on  membrane  degradation  is  depicted  in  Figures  3 
and  4.  The  expected  life  for  select  membranes  in  an  accelerated  medium  and  in  a  cell  is  shown  in 
Figures  5  and  6,  respectively. 

For  liquid  feed  direct  methanol  PEMFC  (DMPEMFC)  many  of  the  factors  leading  to 
membrane  degradation  listed  above  are  absent,  maldng  use  of  certain  low-cost  materials  attractive. 
The  performance-life  curve  for  a  50-watt  DMPEMFC  stack  is  shown  in  Figure  7.  Ultimately  the 
catalyst  loading  for  DMPEMFC  must  be  reduced  close  to  the  levels  being  considered  for  H2/air 
PEhffC  (Wilson  and  Gottesfeld,  1992). 

The  PEMFC  requires  the  use  of  inexpensive,  as  well  as  lighter  weight  constructional 
materials  if  it  is  to  be  used  extensively  for  battery  replacement  applications.  For  example,  the  cost 
of  the  highly  stable  fluorocarbon  sulfonic  acid  membranes  being  developed  by  DuPont,  Gore, 
Dow  (Possible  Sale  of  the  Business),  Asahi  Glass  (Japan).  Asahi  Chemical  (Japan)  and  Chlorine 
Engineering  Corp.  (Japan),  and  Ballard  (Canada)  may  have  to  be  decreased  significantly  for  wide- 
use  battery  replacement  applications. 

For  H2/air  or  direct  methanol/air  PEMFC  some  of  the  possible  material  candidates  (Figure 
8)  for  typical  military  battery  missions  up  to  500  hours  include: 

1.  Membranes:  sulfonated-polystyrene  grafts  (RAIPORE  Product  Guide),  styrene- 
ethylene/butylene  styrene  (Wnek  et  al.,  1995),  double-crosslinked  FEP-g-polystyrene 


membranes,  (Buchi  et  al.,  1994),  poly  2.6-diphenyl  1,-4  phenylene  oxide)  (Hogdon  and  Hay, 
1970),  poly(aryl  ether  sulfone)  (Nolte  et  al.,  1993a;  1993b),  poly  (aryl  ether  ketone)  (Helmer- 
Metzman  et  al.,  1993),  and  a  series  of  organic/inorganic  polymers  (Gautier-Luneau  et  al., 
1992)  an  inorganic  polymers  (Lundsgaard  et  al.,  1992). 

2.  Catalysts:  supported-Pt  catalyst  (Wilson  and  Gottesfeld,  1992);  supported  Pt-RuAVOs  (Chen 
et  al.,  1995);  supported  Pt-Ru  (Kosek  et  al.,  1995a). 

3.  Collectors/Flow  Fields:  molded  carbons  (Lawrence,  1980)  molded  TiC  (Kosek,  1994), 
injected  molded  polypropylene-graphite  (Exxon,  Alsthom),  conductive  plastics,  and  coated 
stainless  and  coated  Ti. 

4.  Plastic  Frames/Gaskets/Enclosures:  polysulfone,  Lexan,  Kynar,  EPDM  (EPR), 
polypropylene. 

The  potential  extension  of  the  PEMFC  to  alkaline  systems  has  been  studied  (Swette  et  al., 
1993).  The  potentially  attractive  feature  for  an  alkaline  fuel  cell  is  the  greater  selection  of  low-cost 
materials  of  construction  available.  For  example,  the  materials  cost  for  the  Alsthom  circulating 
alkaline  electrolyte  system  is  estimated  at  $10/kW  (Appelby,  1995).  A  major  limitation  for  an 
alkaline  membrane  fuel  cell  is  1)  susceptible  to  CO2  contamination,  2)  relatively  poor  ionic 
conductivity,  and  3)  the  instability  of  anion-exchange  membranes  versus  the  PEMs.  Recently  very 
promising  results  have  been  reported  for  aqueous  carbonate  form  are  more  stable  than  the 
corresponding  hydroxide  ion  membranes;  however,  to  achieve  some  reasonable  conductivity  and 
performance,  operating  temperature  would  have  to  be  near  10°C.  A  dissolved  methanol 
alkaline/carbonate  fuel  cell  may  be  attractive  for  some  low-power,  short  missions.  Non-noble  air 
cathode  structures  of  silver  or  macrocyclics  on  carbon  should  not  parasitically  react,  and  can 
tolerate  the  dissolved  methanol.  Anodes  comprised  of  Pt/Pd  are  very  efficient  for  direct  methanol 
oxidation  in  alkaline  media.  For  alkaline  fuel  cells  some  of  the  possible  material  candidates  (Figure 
9)  for  short  (200  hours  or  less),  low  power  missions  include: 

1 .  Quartemary  Ammonium  (QA)  Membranes  (PSQA  Grafts  (RAIPORE  Product  Guide), 
Aliphatic  QA  (LaConti,  1967),  Fluorinated  QA  (Matsui  et  al.,  1986,  1987a,  1987b)) 

2.  Catalyst  (Raney  Ni,  Ag,  Co,  and  Fe  Macrocyclic,  Pyochlores,  Pt/Pd) 

3 .  Collectors  (Ni/Alloys,  Steels,  injected  molded  polypropylene  carbon) 

4.  Frames/Gaskets  (Polypropylene,  EPDM) 

Some  of  the  alternative  energetic  air  electrode  battery  couples  that  have  been  studied  in  the 
past  and  may  be  of  possible  interest  for  review  include:  N2H4/O2;  OH",  NH3/O2;  OH"  (Austin 
1971),  Zn/02;  OH"  (Bayles  and  Saunders,  1995),  AI/O2;  OH"  (Rudd  and  Gibbons,  1994), 
BH4/O2;  OH"  (Bard  et  al.,  1985)  and  Li02;  OH"  (Littauer  and  Tsai,  1978).  Most  of  the  anode 
couples  listed  above  are  highly  energetic  and  can  also  be  used  to  electrochemically  generate  H2 
from  H2O  and  yield  high  energy  densities.  For  example,  the  AI/H2;  OH"  and  Li/H2;  OH"  couples 
can  yield  voltages  of  0.6-0.7  V  and  1.4- 1.5  V,  respectively,  at  reasonable  current  densities  (100 
mA/cm^  or  greater).  Air  is  not  required,  thus  CO2  contamination  becomes  less  of  a  concern. 
Management  of  the  byproducts  and  parasitic  losses  at  the  anode  are  concerns  with  these  couples. 
The  projected  performance  of  some  alternative  alkaline  couples  is  shown  in  Figure  10. 
Comparative  PEMFC  performance  is  shown  in  Figure  1. 
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At  present,  various  primary  and  secondary  batteries  are  used  by  the  Army  to  provide 
portable  and  mobile  power  for  electronic  equipment  in  the  battlefield  environment.  These  battery 
power  sources  have  been  developed  for  many  decades  and,  for  the  most  part,  have  gained  wide 
acceptance  by  Army  personnel.  However,  they  suffer  from  a  number  of  drawbacks  that  has  led  the 
Army  to  investigate  the  development  of  alternative  power  source  technologies.  Resupply  of  both 
primary  and  secondary  batteries,  along  with  recharging  secondary  systems,  are  major  problems  in 
a  dynamic  battlefield  theater.  Since  many  battery  chemistries  contain  toxic  and  hazardous 
chemicals,  safety  and  disposal  of  these  power  sources  are  major  issues  faced  by  the  Army.  In 
addition,  the  cost  associated  with  these  power  sources,  both  for  military  exercises  and  actual 
engagements,  are  becoming  prohibitive  in  an  era  of  shrinking  military  budgets. 

An  alternative  to  batteries,  both  from  a  performance  and  cost  consideration,  can  be 
provided  by  fuel  cell  power  sources.  Batteries  store  their  energy  usually  in  the  form  of  active  solid 
masses  attached  to  current  collector  electrodes  within  the  battery  container.  On  discharge  (and, 
subsequently,  on  charge  for  secondary  systems)  the  active  chemical  masses  at  each  electrode  are 
transformed  from  one  crystal  structure  to  another.  This  often  limits  the  power  that  can  be  delivered 
by  the  battery  and/or  the  number  of  charge/discharge  cycles.  Where  a  charge  or  discharge  product 
at  a  battery  electrode  forms  an  electrolyte-soluble  species,  detrimental  affects  on  performance,  e.g., 
shape  change,  dendrite  growth,  etc.,  can  result.  In  the  case  of  fuel  cells,  chemical  energy  storage 
is  physically  separated  in  the  power  system  from  the  actual  energy  conversion  device  itself.  Thus, 
reuse  of  a  fuel  cell  power  source  can  simply  be  achieved  by  replacing  the  spent  chemical  energy 
storage  container.  Hence,  the  use  of  fuel  cell  systems  as  power  sources  should  give  rise  to  a 
considerable  reduction  in  cost  and  greatly  simplify  logistics  in  the  battlefield  environment. 

In  the  development  of  fuel  cell  power  sources  over  the  years,  the  goal  has  been  to  produce 
systems  having  extended  operating  lifetimes,  e.g.,  thousands  to  tens  of  thousands  of  hours  for 
applications  such  as  electric  vehicles  and  dispersed  power  plants  in  urban  areas.  To  achieve  these 
lifetimes,  the  materials  that  can  be  used  are  restricted  and,  in  many  cases,  are  exotic  and  expensive. 
Further,  issues  such  as  stack  design,  manufacturing  or  quality  assurance  become  critical. 
However,  on  considering  fuel  cells  as  disposable  portable  and  mobile  power  sources  for  the  Army, 
material  components  and  system  integration  become  issues  that  should  be  addressed.  Thus,  the 
purpose  of  this  presentation  is  to  outline  innovative  approaches  for  fuel  cells  in  the  context  of 
disposable  fuel  cell  power  sources  that  are  relevant  to  the  Army. 

On  considering  fuel  cell  power  sources  that  could  be  disposable,  some  primary  issues  that 
need  to  be  taken  into  account  are  outlined  in  Figure  1.  If  a  simple  set  of  mission  requirements/fuel 
cell  system  performance  characteristics  are  considered  (cf..  Fig.  2),  potential  candidate  fuel  cell 
systems  include:  ion  exchange  membrane  fuel  cells  (lEMFCs);  alkaline  fuel  cells  (AFCs),  and 
biological  fuel  cells  (biofuel  cells).  For  the  selected  candidate  fuel  cell  systems,  potential 
fuel/oxidant  couples  are  listed  in  Figure  3.  Of  the  potential  fuels  hydrogen,  methanol,  and 
logistical  materials  (food,  organic  waste,  vegetable  matter,  diesel,  and  JP-8)  seem  to  be  the  most 
suitable  and  attractive.  The  most  desirable  oxidants  include  air  or  compressed  pure  oxygen  with 
concentrated  aqueous  hydrogen  peroxide  solutions  being  of  secondary  importance. 

In  the  case  of  an  alkaline  fuel  cell,  component  material/system  integration  issues  are 
outlined  in  Figure  4.  It  is  proposed  that  an  immobilized  alkaline  electrolyte  would  be  the  most 


appropriate.  Thus,  non-carbon  containing  fuels  and  air  which  has  carbon  dioxide  scrubbed  from  it 
can  only  be  used.  For  such  small  alkaline  fuel  cells,  the  major  issue  that  needs  to  be  addressed  is 
product  water  removal.  The  attractiveness  of  an  alkaline  foel  cell  system  over  a  corresponding 
acid-based  system  is  that  it  gives  rise  to  the  selection  of  a  wide  variety  of  materials  of  construction. 
In  addition,  the  performance  of  alkaline  fuel  cell  systems,  as  demonstrated  at  least  by  expensive 
aerospace  systems,  is  superior  to  that  derived  from  acid-based  fuel  cell  systems. 

The  use  of  solid  ion  exchange  membranes  as  electrolytes  in  fuel  cells  considerably  reduces 
the  complexity  in  fabricating  such  systems.  Fully  fluorinated  ion  exchange  membranes  both  in  the 
cationic  (H+)  and  anionic  (OH')  from  having  long  lifetimes,  even  at  elevated  temperatures,  are 
commercially  available  (cf..  Fig.  5).  However,  because  of  their  extremely  high  cost  per  unit  area, 
alternative  ion  exchange  membranes,  either  partially  fluorinated  or  hydrocarbon-based,  need  to  be 
developed.  Desired  characteristics  of  new  membrane  electrolytes  include:  (i)  thin  membranes  with 
improved  mechanical  properties  and  higher  conductivities;  (ii)  inhibition  of  the  crossover  of  liquid 
organic  fuels  (e.g.,  methanol)  from  the  anode  to  the  cathode.  Alternative  proton  exchange 
membrane  electrolytes  that  are  presently  being  explored  are  described  in  Figure  6. 

The  performance  characteristics  of  proton  exchange  membrane  fuel  cell  supplied  with 
hydrogen-air  as  reactants  is  presented  in  Figure  7.  Examination  of  the  data  shown  in  the  figure 
demonstrates  that  such  a  fuel  cell  system  can  yield  high  power  densities.  The  performance  of  a 
similar  proton  exchange  membrane  fuel  cell  supplied  with  methanol-oxygen  as  reactants  is 
illustrated  in  Figure  8.  While  giving  a  lower  power  output  the  liquid  fed  aqueous  methanol  system 
is  very  attractive  as  the  basis  of  portable  and/or  mobile  power  sources  for  the  Army. 

For  proton  exchange  membrane  fuel  cells,  anode  electrocatalysts  containing  low  platinum 
loadings  or  which  are  based  on  non-noble  metals,  e.g.,  WC,  are  highly  desirable.  This  is 
particularly  relevant  in  the  case  of  the  direct  methanol  fuel  cell.  As  cathode  electrocatalysts,  binary 
or  ternary  platinum-based  alloys,  transition  metal  macrocyclics  and  Chevrel  compounds  (e.g., 
Mo2Ru4Se8)  can  be  used.  For  the  best  performance,  it  is  necessary  to  optimize  electrocatalyst 
layers  and  catalyst  support  layers  for  liquid  and  gaseous  reactants.  Anode  electrocatalysts  that  are 
CO-tolerant  and  that  readily  oxidize  intermediates  formed  during  the  oxidation  of  simple  organic 
fuels  need  to  be  developed.  Further,  organic  fuel-tolerant  electrocatalysts  for  the  cathodic  oxygen 
reduction  reaction  need  to  be  identified  (e.g.,  Mo2Ru4Se8). 

To  take  advantage  of  simple  manufacturing  methods  and,  hence,  lower  the  cost  of  proton 
exchange  membrane  fuel  cell  stacks,  novel  bipolar  plate/flowfield  configurations  need  to  be 
utilized.  Unitary  structures  consisting  of:  (i)  expanded  Ti/Ti  sheet/expanded  Ti;  (ii)  metal  foam/Ti 
sheet/metal  foam;  and  (iii)  metal  foam/polymer-filled  metal  foam/metal  foam  are  presently  being 
developed  at  Lynntech.  The  polymer  filled  metal  foam  functions  as  a  barrier  to  prevent  reactant  gas 
mixing  but  can  be  selected  to  allow  transport  of  water  from  the  cathode  side  to  the  anode  side  in  a 
proton  exchange  membrane  fuel  cell.  Bipolar  plate/flowfield  configurations  derived  from  these 
unitary  structures  possess  a  number  of  desirable  characteristics  (i)  multifunctional  capability  (good 
electronic  conductivity,  reactant  barrier  properties,  and  facilitate  internal  humidification/water 
management);  (ii)  lightweight,  simple  construction  with  excellent  mechanical  properties;  and  (iii) 
aid  in  obtaining  uniform  temperature  profiles  across  the  face  of  an  electrode.  For  short  lifetime 
(less  than  or  equal  to  500  hours)  disposable  proton  exchange  membrane  fuel  cells,  plastics  of 
lightweight  metals  (e.g.,  aluminum  or  magnesium  alloys)  suitably  surface  treated  can  be  used  for 
cell  frames.  For  the  development  of  lightweight,  small  volume  fuel  cells  at  Lynntech,  conventional 
end  plates  and  tie  rods  are  being  replaced  with  either  aluminum  honeycomb  or  carbon/carbon 
composites  where  the  stack  is  held  together  by  means  of  polymer  strapping  material. 

For  a  disposable  fuel  cell  having  a  power  output  of  less  than  or  equal  to  10  Watts,  biofuel 
cells  may  provide  an  attractive  long-term  option.  Such  systems  are  neutral  saline  solution 


containing  a  redox  mediator  (e.g.,  thionine,  2-hydroxyl- 1,4  naphthoquinone  (HNQ))  as  the 
electrolyte.  The  anode  biocatalyst  could  consist  of  individual  redox  enzymes  of  whole  cells 
immobilized  in  a  support  matrix.  Reticulated  vitreous  carbon,  carbon  foam  or  carbon  cloth  could 
be  used  as  current  collectors.  Carbon-supported  platinum  (or  manganese  dioxide)  deposited  on  a 
gas  diffusion  electrode  substrate  and  subsequently  hot  pressed  to  an  ion  exchange  membrane  could 
function  as  the  cathode  electrode  structure  utilizing  oxygen  from  the  air  as  reactant.  A  stacked 
arrangement  of  biofuel  cells  is  shown  in  Figure  9.  Since  the  current  density  obtained  from  such 
fuel  cell  systems  is  low,  edge  current  collection  can  be  employed  eliminating  the  need  for  bipolar 
plates.  The  walls  of  each  cell  housing  can  be  fabricated  using  a  conventional  polymeric  material 
that  avoids  the  use  of  cell  frames.  Thermal  and  water  management  for  biofuel  cells  are  not  an  issue 
since  these  systems  are  low  power  output  devices.  The  major  attraction  of  the  biofuel  cell  for  the 
Army  is  that  the  fuel  used  either  by  organic  wastes,  carbohydrates,  plant  material,  hydrocarbons  or 
alcohols. 

On  considering  disposable  fuel  cell  power  sources  for  the  Army,  manufacturability /cost 
factors  must  be  considered.  Thus,  the  machining  of  parts  or  the  use  of  other  time  intensive 
procedures  should  be  avoided.  Fabrication  steps  involved  molding,  casting,  or  stamping  should 
be  explored  where  possible.  Readily  available  plastics  and  metals  should  be  used  as  materials  of 
construction.  In  order  to  avoid  environmental  impact  during  fuel  cell  operation,  materials  used  for 
the  fabrication  of  containers  required  for  the  storage  and  handling  of  fuels  and  oxidants  should  be 
compatible  with  the  environment  on  being  disposed  of  and  should  readily  degrade  and/or  corrode 
in  the  ground.  Byproducts  of  fuel  and/or  oxidant  generation  as  well  as  those  arising  from 
electrochemical  reactions  in  a  fuel  cell  should  be  environmentally  friendly.  On  disposing  of  an 
actual  fuel  cell  power  source  after  its  useful  lifetime  has  been  exceeded,  materials  used  in  its 
construction  must  not  contaminate  the  soil  or  ground  water.  Biodegradable  polymers  and  readily 
corrodible,  lightweight  metals  are  highly  desirable  as  materials  of  construction.  Non-controlled 
disposal  of  unconsumed  potentially  toxic  fuels  or  oxidants  should  be  prevented.  In  order  to  have 
the  required  reliability/lifetime  characteristics,  disposable  fuel  cell  power  sources  must  exhibit  a 
shelf  life  in  the  deactivated  state  of  the  order  of  a  few  years. 
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OXY ANIONS  OF  CHLORINE  IN  THE  ACID  FORM 
hypochlorous  acid  (HCIO)  and  chlorous  acid  (HCIO2) 
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Water  removal  needs  to  be  addressed 
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Hydrogen  -  Air  Fuel  Cell  Performance 
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PERSON-PORTABLE  FUEL  CELLS  AT  IFC 
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Introduction 

Three  fuel  cell  technologies  suitable  for  person  portable  power  applications  are  under 
development  at  EFC:  H2O2,  H2/air,  and  direct  methanol/air.  DoD  funded  programs  are  already  in 
place  to  build  H2/O2  person-portable  hardware  and  to  develop  the  direct  methanol  (DMFC) 
technology  and  demonstrate  a  stand  alone  person  portable  DMFC  power  module.  H2/air  is 
presently  under  development  at  IFC  for  other  applications,  but  the  technology  is  easily  modified  to 
fit  small  person  portable  needs.  While  these  programs  are  aimed  at  applications  with  more 
conventional  fuel  cell  lifetime  requirements,  e.g.,  1-40  Khrs,  opportunities  exist  for  cost 
reduction  or  performance  enhancement  for  missions  with  500-hour  or  less  lifetime  requirements. 

H2/O2 

The  Soldier  Cooling  Power  Module  (SCPM)  program  is  developing  at  H2/O2  based  fuel 
cell  system  to  achieve  the  CECO  goal  of  10  pounds,  150  watts,  and  1200  watt-hours.  The  SCPM 
design  couples  IFCs  passive-water  management  cell  technology  and  commercial  high  performance 
filament  wound  hydrogen  and  oxygen  storage  tanks.  The  safety  and  simplicity  of  the  design  is 
enhanced  by  near  ambient  pressure  stack  operation,  and  the  passive  water  management  system 
which  both  removes  product  water  and  humidifies  incoming  gas  streams.  A  circular  plan  form, 
and  simple  cooling  fin  cell  design,  allows  rejection  of  stack  waste  heat  to  ambient  with  only  a  light 
weight  external  fan.  Operation  is  independent  of  attitude  or  gravity  and  requires  no  water  pumps 
or  external  humidifiers.  The  result  is  a  highly  efficient,  24-volt  fuel  cell  battery  with  recharge 
capability. 

The  program  has  progressed  through  the  point  of  stack  design  verification  with  a  half-stack 
qualification  test.  Instant  start  capability,  load  transient  from  open  circuit  to  full  power  and 
acceptable  thermal  and  water  management  were  demonstrated.  Commercial-off-the-shelf  reactant 
storage  tanks,  and  gas  pressure  staging  and  supply  components  have  been  procured. 
Demonstration  testing  of  a  330  watt-hour  off-the-shelf  component  version  is  schedules  for  mid 
1996. 

DMFC 

The  ARPA  supported  DMFC  program  is  also  focused  on  building  a  150-watt  demonstrator 
in  mid  1996.  The  conceptual  design  shows  a  600-watt  hour  unit  weighing  about  1 1  pounds.  The 
application  is  again  person  portable  power  fuel  soldier  systems.  In  the  DMFC  case,  however, 
several  technological  limitations  are  being  pursued  in  parallel  with  the  hardware  demonstration. 
Team  members  are  participating  in  the  technology  development  effort.  The  issues  currently  being 
addressed,  are:  a  low  crossover  membrane  (DuPont),  a  higher  activity  DMFC  anode  catalyst 
(ICET,  LANL),  and  a  methanol  tolerant  cathode  catalyst  (CWRU). 

Current  IFC  DMFC  cell  technology  employs  a  Pt/Ru  anode,  a  Pt  black  air  cathode,  and 
Nafion  1 17  membrane.  Single  cell  performance  of  0.4  V  at  200  ASF,  180°F,  3,000  ccm  dry  air,  3 
ccm  1  M  MeOH,  has  been  demonstrated  in  a  5  in^  cell.  At  the  200  ASF  design  point  methanol 
crossover  (measured  by  CO2  analysis  at  the  cathode  exit,  corrected  for  crossover  of  product  CO2 
from  the  anode)  is  ~  100  equivalent  ASF.  This  provides  a  calculated  overall  system  efficiency  of 
20%  electrical. 


The  150-watt  demonstrator  stack  hardware  is  based  on  the  circular  H2/O2  design  modified 
for  liquid  feed  methanol/air.  The  system  includes  a  single  exit  condenser  to  recover  water  and 
methanol  from  the  combined  anode  and  cathode  exhausts.  The  condensables  and  makeup 
methanol  is  returned  to  the  anode.  A  small  air  blower  and  liquid  pump  complete  the  major  system 
components.  The  exit  condenser  controls  the  water  balance  in  the  system,  allowing  the  stack 
operating  temperature  to  be  optimized  for  performance. 

The  ARPA  DMFC  program  at  IFC  is  presently  addressing  two  issues;  optimizing  DMFC 
performance  in  the  circular  cell  hardware  and  developing  a  cathode  configuration  which  will 
support  operation  at  50%  air  utilization  (electrochemical  +  crossover)  in  the  presence  of  crossover 
methanol.  The  utilization  requirement  is  set  primarily  by  the  need  to  maintain  water  balance  in  high 
ambient  temperature  environments  (thermal  pinch  at  the  exit  of  the  water  recovery  condenser).  A 
power  module  demonstration  is  planned  for  mid  1996. 

Disposable  Fuel  Cells 

Disposable  fuel  cells  is  a  concept  contrary  to  the  mind  set  of  most  fuel  cell  developers. 
Typically  considerable  development  effort  is  expended  to  ensure  sufficient  stack  and  system 
lifetime  to  satisfy  application  requirements  and  minimize  life  cycle  costs.  However,  following  are 
few  thoughts  regarding  how  a  life  requirement  of  only  500  hours  might  enable  previously 
discarded  concepts  to  be  implemented. 

For  PEM-based  fuel  cells  with  only  a  500-hour  life  requirement,  unprotected  stainless  steel 
foil  might  suffice  for  separator  plates.  This  could  save  weight,  save  cost,  and  facilitate  stamped 
flow  fields.  Shelf  life  might  be  an  issue. 

The  major  limitation  of  direct  methanol  cell  technology  is  presently  methanol  crossover. 
There  is  evidence  that  sulfonated  polystyrene  in  a  polyvinylidene  fluoride  matrix  (USC  -  S. 
Prakash)  or  a  styrene/ethylene/butylene  tri-block  (DAIS  -  Tim  Tangredi)  offers  substantially  lower 
methanol  crossover  than  Nafion  1 17.  An  issue  with  these  sulfonated  hydrocarbon  membranes  is 
stability.  The  low  crossover  and  potentially  low  cost  of  these  materials  may  be  accessible  in  a 
disposable  DMFC  fuel  cell  with  a  lifetime  requirement  <  500  hours  without  solving  a  life  problem. 

Perhaps  the  most  useful  option  for  disposable  fuel  cells  is  to  reconsider  the  use  of  base 
electrolytes  for  H2/air  stacks.  It  is  well  known  that  most  fuel  cell  developers  abandoned  this 
approach  by  the  60s  due  to  carbonation  of  the  electrolyte  by  residual  CO2  in  the  atmosphere. 
Trapped  liquid  KOH  (as  used  in  IFCs  H2/O2  space  power  plant)  is  one  obvious  possibility. 
However,  another  option  for  a  short  lifetime  fuel  cell  may  be  an  anion  exchange  membrane  in  the 
OH'  form.  These  basic  membranes  have  generally  not  shown  sufficient  stability  for  fuel  cell  use. 
However,  this  may  bear  re-examination  under  the  500-hour  life  limit  guidelines. 

The  advantages  of  an  OH'  electrolyte  are  well  known.  O2  reduction  kinetics  are  much 
faster  in  base.  This  improves  performance  of  air  electrodes.  Another  option  available  in  base 
electrolytes  is  the  use  of  macrocyclic  cathode  catalysts.  This  would  help  eliminate  the  need  to 
recycle  noble  metal  containing  electrodes  from  disposable  cells. 

Another  old  concept  which  might  be  revisited  in  this  context  is  the  use  of  hydrazine  as  a 
fuel.  Hydrazine  provides  a  lower  electrooxidation  overvoltage  (close  to  H2)  than  methanol,  and 
higher  practical  specific  energy  density  than  H2  in  pressure  tanks.  For  example,  H2  at  2%  loading 
in  a  pressure  tank  might  provide  375  Whr/kg  where  as  hydrazine  might  provide  700  Whr/kg*. 
Furthermore  since  no  CO2  is  produced  at  the  anode,  base  electrolytes  can  be  used  to  improve  the 
kinetics  of  both  the  hydrazine  anode  and  the  air  cathode. 


*A.J.  Appleby  and  F.R.  Foulkes,  Fuel  Cell  Handbook,  p.  235,  Van  Nostrand  Reinhold,  New  York  (1989). 


Concerns  about  the  cost,  toxicity,  and  explosion  hazards  of  hydrazine  have  discouraged 
development.  Again  the  disposable  concept  may  ameliorte  some  of  these  concerns.  A 
"hydrazine/air  battery"  might  store  the  liquid  hydrazine  as  an  aqueous  solution  in  each  anode 
compartment  with  no  refueling  capability.  This  would  minimize  human  exposure  to  the  fuel  and 
reduce  the  explosion  hazard.  A  requirement  to  discharge  the  unit  prior  to  disposal  might  reduce  the 
hydrazine  level  to  tolerable  limits. 

Considerations  like  these  make  "disposable  fuel  cells"  a  fruitful  topic  for  further  workshop 
discussion. 


PERSON-PORTABLE  FUEL  CELLS  AT  IFC 


Donald  L.  Maricle 
195  Governors  Highway 
South  Windsor,  CT  06074 


Introduction 

Three  fuel  cell  technologies  suitable  for  person  portable  power  applications  are  under 
development  at  IFC:  H2O2,  H2/air,  and  direct  methanol/air.  DoD  funded  programs  are  already  in 
place  to  build  H2/O2  person-portable  hardware  and  to  develop  the  direct  methanol  (DMFC) 
technology  and  demonstrate  a  stand  alone  person  portable  DMFC  power  module.  H2/air  is 
presently  under  development  at  IFC  for  other  applications,  but  the  technology  is  easily  modified  to 
fit  small  person  portable  needs.  While  these  programs  are  aimed  at  applications  with  more 
conventional  fuel  cell  lifetime  requirements,  e.g.,  1  -  40  Khrs,  opportunities  exist  for  cost 
reduction  or  performance  enhancement  for  missions  with  500-hour  or  less  lifetime  requirements. 

H2/O2 

The  Soldier  Cooling  Power  Module  (SCPM)  program  is  developing  at  H2/O2  based  fuel 
cell  system  to  achieve  the  CECO  goal  of  10  pounds,  150  watts,  and  1200  watt-hours.  The  SCPM 
design  couples  IFCs  passive- water  management  cell  technology  and  commercial  high  performance 
filament  wound  hydrogen  and  oxygen  storage  tanks.  The  safety  and  simplicity  of  the  design  is 
enhanced  by  near  ambient  pressure  stack  operation,  and  the  passive  water  management  system 
which  both  removes  product  water  and  humidifies  incoming  gas  streams.  A  circular  plan  form, 
and  simple  cooling  fin  cell  design,  allows  rejection  of  stack  waste  heat  to  ambient  with  only  a  light 
weight  external  fan.  Operation  is  independent  of  attitude  or  gravity  and  requires  no  water  pumps 
or  external  humidifiers.  The  result  is  a  highly  efficient,  24-volt  fuel  cell  battery  with  recharge 
capability. 

The  program  has  progressed  through  the  point  of  stack  design  verification  with  a  half-stack 
qualification  test.  Instant  start  capability,  load  transient  from  open  circuit  to  full  power  and 
acceptable  thermal  and  water  management  were  demonstrated.  Commercial-off-the-shelf  reactant 
storage  tanks,  and  gas  pressure  staging  and  supply  components  have  been  procured. 
Demonstration  testing  of  a  330  watt-hour  off-the-shelf  component  version  is  schedules  for  mid 
1996. 

DMFC 

The  ARPA  supported  DMFC  program  is  also  focused  on  building  a  150- watt  demonstrator 
in  mid  1996.  The  conceptual  design  shows  a  600-watt  hour  unit  weighing  about  1 1  pounds.  The 
application  is  again  person  portable  power  fuel  soldier  systems.  In  the  DMFC  case,  however, 
several  technological  limitations  are  being  pursued  in  parallel  with  the  hardware  demonstration. 
Team  members  are  participating  in  the  technology  development  effort.  The  issues  currently  being 
addressed,  are:  a  low  crossover  membrane  (DuPont),  a  higher  activity  DMFC  anode  catalyst 
(ICET,  LANE),  and  a  methanol  tolerant  cathode  catalyst  (CWRU). 

Current  IFC  DMFC  cell  technology  employs  a  Pt/Ru  anode,  a  Pt  black  air  cathode,  and 
Nafion  1 17  membrane.  Single  cell  performance  of  0.4  V  at  200  ASF,  180°F,  3,000  ccm  dry  air,  3 
ccm  1  M  MeOH,  has  been  demonstrated  in  a  5  in^  cell.  At  the  200  ASF  design  point  methanol 
crossover  (measured  by  CO2  analysis  at  the  cathode  exit,  corrected  for  crossover  of  product  CO2 
from  the  anode)  is  ~  100  equivalent  ASF.  This  provides  a  calculated  overall  system  efficiency  of 
20%  electrical. 
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DESIGN  PHILOSOPHY  FOR  LIGHT 
WEIGHT  PEM  H2/O2  SYSTEMS 
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Circular  planform  simplifies  seals  and 
facilitates  external  cooling 


SOLDIER  COOLING  POWER 
MODULE  (H2/O2) 
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Approach  (continued) 
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SOLDIER  COOLING  POWER  MODULE  CONCEPTUAL  LAYOUT 
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Impact  of  Short  Lifetime  Requirements 
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150W  Soldier  Back  Pack  Program 
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CONCEPTUAL  SYSTEM  DESIGN 


1/3 


1/3 


cd  ^ 
'S  bo 

^  'M 

tT)  O 

r>  cd 

a 

(D 
> 
o 

a' 


^  CO 

^  bO 
o  cd 

o 

<D 

;-i 


cd 

s 


c/3 

(D 

c/3 

Cd 

(D 

o 

a 

•  H 


(D 


<D  Cd 
CJ  fH 


> 

(N 

I 

H 


(D  ^ 
C/3  O 

a  ^ 

(D  tTH 
Td  ^ 


I 


(D 

0) 


'S  ^ 

cd 


c/3 

<D 

^  o 
a  .2 
•  1— (  ^ 

Si 

f— H  • 

<D  izi 

-2  g 

X)  « 

TJ  ^ 

<D  O 

t5  ^ 


c/3 

CD 

x 


CI( 

a 

Oh 

T3 

•1-H 

CT* 


S  O  S  ^  ^  Q  *3 


recovered  water  with  new 
methanol  and  circulates 


Weights  of  600  Whr  Components 


00  VO 

CN  ^  ^  cn 

^  ^  CN  ’-H 


o^ 

o^ 


r4 


00  o^ 

•  •  •  • 
0  0^0 


c» 


fl 

iS 

o  o 


I 


Totals  12.1 


CIRCULAR  STACK 


BLOWER 


DMFC  CELL  PERFORMANCE 

180°F,  5in2  Cell,  3,000ccm  Ambient  Air/3ccm  1M  MeOH 


CO 

I 

lO 

«s. 

CD 

"D 

O 


O 

i5 

SI 

3 

q; 

CL 


CD 

I 

lO 

0) 

T3 

O 


CO 

0) 

o 

(0 

CO 

ID 

o 

0) 

— 

~o 

CO 

"D 

cz 

CO 

m  HBMi 

c 

o 

o 

4- 

CO 

CO 

z 

• 

CD 

> 

OS 

U) 

0) 

T3 

O 


IMPACT  OF  AIR  UTILIZATION 


PRESENTATION  OUTLINE 


CO 

c 

c 

o 

o 

■  wammm 

0 

Q. 

O 

0 

CL 

o 

0 

>» 

o 

D) 

Q- 

O 

0 

0 

O 

c 

0 

E 

■  HBl 

n 

0 

o 

O 

s 

•c 

0 

"0 

■  MB 

o 

3 

Requirements  on  Fuel  Cell  Barriers 


POSSIBLE  BENEFITS  OF  REDUCED 
LIFETIME  REQUIREMENTS 
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Toxicity/explosion  issues 


MICROSCOPIC  INVESTIGATIONS  OF 
ELECTRODE  STRUCTURE  IN  FUEL  CELLS 


William  H.  Smyrl 
Corrosion  Research  Center 

Department  of  Chemical  Engineering  and  Materials  Science 
University  of  Minnesota 
Minneapolis,  MN 

The  application  of  the  Confocal  Laser-Scanning  Microscope  (CLSM)  to  studies  of  catalysis 
and  electrode  structure  in  fuel  cells  will  be  primarily  through  fluorescence  microscopy.  A 
schematic  diagram  of  a  CLSM  is  shown  in  Figure  1,  where  several  modes  of  operation  are  listed. 
In  contrast  to  a  conventional  optical  microscope  where  all  parts  of  an  object  within  the  field  of  view 
are  imaged  simultaneously,  the  same  image  is  obtained  sequentially  using  a  CLSM.  In  a  CLSM, 
an  image  is  obtained  point  by  point,  whereby  only  a  small  part  of  the  object  is  illuminated.  There 
are  a  number  of  significant  advantages  in  using  CLSM,  e.g.,  the  image  is  stored  digitally  and  thus 
can  be  readily  subjected  to  image  processing  and  image  enhancement.  More  importantly,  the  use 
of  a  focused  light  source  in  conjunction  with  a  pinhole  aperture  in  front  of  the  detector  allows  for  a 
higher  depth  and  lateral  resolution  than  with  a  conventional  optical  microscope.  The  improved 
lateral  resolution  results  from  elimination  of  the  interference  of  light  originating  from  different 
points  on  the  object.  The  main  advantage  of  a  CLSM,  however,  is  not  in  the  increased  lateral 
resolution,  but  rather  in  its  ability  to  perform  "optical  slicing".  Light  originating  from  planes  other 
than  the  focal  plane  is  blocked  by  the  pinhole  aperture  placed  in  front  of  the  detector.  Typical 
lateral  and  depth  resolutions  for  a  60x  objective  lens  with  a  numerical  aperture  of  1.4  are  0.17  and 
0.54  micrometers,  respectively.  The  beam  is  scanned  over  a  stationary  sample,  and  individual 
images  ("optical  slices")  are  obtained  in  about  one  second.  This  is  enabled  by  moving 
galvanometer  mirrors,  by  rotating  mirror  wheels,  or  by  acoustic-optic  deflectors.  The  first 
technique  was  used  in  the  microscope  used  for  the  results  described  here. 

To  illustrate  the  use  of  fluorescence  mapping  with  CLSM,  we  have  dissolved  fluorescent 
probes  in  solutions  of  Nafion  (Dupont)  polymer  electrolyte  and  deposited  the  solution  on  a  carbon 
surface  (highly  oriented  pyrolytic  graphite  (HOPG)).  As  shown  in  Figure  2,  six  different  probe 
molecules  were  used,  and  deposits  of  each  (in  Nafion  (Dupont))  were  distributed  as  individual 
"lines"  on  the  surface.  The  characteristics  of  the  dyes  are  listed  in  Table  1.  The  individual  lines 
were  separated  from  each  other  by  bare  HOPG  surface.  Light  from  the  CLSM  was  used  to  excite 
fluorescence,  and  the  emitted  light  was  detected  after  passing  through  a  filter  to  eliminate  the 
excitation  illumination.  Of  the  six  fluorescent  probes  used,  two  were  found  to  yield  high 
fluorescence  (the  two  rhodamine  dyes),  one  was  moderate  (fluorescein),  and  the  remaining  three 
had  very  low  fluorescence  in  the  tests.  An  "optical  slice"  is  shown  in  Figure  3,  where  high 
fluorescence  from  the  rhodamine  6G  line  is  on  the  left,  the  fluorescein  line  is  on  the  right,  and  the 
dark  region  that  separates  the  two  is  the  bare  HOPG  surface.  Rhodamine  dyes  are  cationic  and 
readily  partition  into  Nafion  from  aqueous  solutions.  Fluorescein  is  deposited  on  the  surface  of 
Nafion  in  contrast.  This  demonstrates  that  a  dye  (such  as  rhodamine  B  or  rhodamine  6G) 
dissolved  in  Nafion  (Dupont)  can  be  used  to  map  the  location  of  the  polymer  electrolyte  on  a 
heterogeneous  surface.  We  intend  to  use  the  technique  to  reveal  the  distribution  of  Nafion 
(Dupont)  in  a  membrane  electrode  assembly  of  a  methanol  fuel  cell. 

The  "buried"  interface  of  the  membrane  electrode  assembly  can  be  studied  in  a  half-cell 
arrangement  microscopy  can  be  performed  through  a  Nafion  (Dupont)  membrane.  Optical  slicing 
can  be  used  to  determine  the  distribution  of  Nafion  (Dupont)  along  the  porewalls  of  the  electrode 
assembly.  Use  of  a  second  fluorescent  dye  dissolved  in  methanol  permits  concurrent  mapping  of 
methanol  in  the  pores  of  the  assembly.  Fluorescein  is  an  anion  dye  that  is  soluble  in  methanol,  but 
does  not  partition  into  Nafion  to  the  same  extent  as  do  cation  dyes.  The  microscopy  can  be 
performed  with  or  without  current  to  the  electrode  assembly  and  will  enable  changes  in  structure 


and  distribution  of  components  at  the  electrode/membrane  interface.  Optical  slicing  will  also  be 
used  to  determine  the  depth  and  distribution  of  the  "reaction  zone"  at  the  anode.  This  is  the  zone 
where  the  catalyst  particles,  conductive  substrate,  ionic  electrolyte  (e.g.,  Nafion),  and  the  methanol 
fuel  phase  are  in  contact,  and  where  the  electrode  reaction  is  concentrated.  Simple  electrode 
arrangements  will  also  be  investigated  in  separate  studies  in  order  to  characterize  the  efficacy  of  the 
techniques.  The  objective  is  to  use  the  technique  as  an  in  situ  tool  to  enable  the  development  of 
enhanced  electrode  structures  for  the  methanol  -  polymer  electrolyte  fuel  cell.  The  microscopy 
study  is  one  component  of  the  current  investigations  being  carried  out  at  the  University  of 
Minnesota.  Figure  4  identifies  the  other  components  of  the  research  program.  Professor  Kent 
Mann  (University  of  Minnesota)  and  his  group  is  investigating  molecular  catalysts  that  would 
enhance  or  replace  the  precious  metal  catalysts  for  oxidation  of  methanol.  The  behavior  of  the  new 
catalysts  will  be  compared  with  baseline  Pt/Ru  catalysts  supported  on  carbon.  Professors  Ed 
Cussler  (University  of  Minnesota)  and  Duward  Shriver  (Northwestern  University)  are  leading  the 
search  for  new  membranes  that  would  reduce  the  permeation  (crossover)  of  methanol  across  the 
polymer  electrolyte  fuel  cells,  and  this  facilitates  the  integration  of  the  different  components  of  the 
research  program.  Further  integration  of  the  research  is  the  objective  of  Professor  David  Shores 
who  directs  the  Exploratory  Test  Facility.  Research  by  collaborators  at  the  Jet  Propulsion 
Laboratory  and  at  Analytic  Power  also  support  the  Exploratory  Test  Facility  by  fabricating  baseline 
membrane  electrode  assemblies  (MEA). 


TABLE  1.  FLUORESCENT  INDICATORS 


Indicator 

Excitation  Wavelength 
^max  (nm) 

Ionic  Form 

1.  Fluorescein 

491 

Anion 

2.  Rhodamine  B 

543 

Cation 

3.  Crystal  Violet 

588 

Cation 

4.  Oxazine4 

644 

Cation 

5.  Malachite  Green 

615 

Cation 

6.  Rhodamine  6G 


524 


Cation 


Figure  1 

CONFOCAL  LASER  SCANNING  MICROSCOPE 


HOPG 

Substrate 


1  2  3  4  5  6 


Figure  2 

FLUORESCENT  INDICATOR  IN  NAFION 


1.  FLUORESCEIN 

2.  RHODAMINE  B 

3.  CRYSTAL  VIOLET 

4.  OX  AZINE  4 

5.  MALACHITE  GREEN 


6. 


RHODAMINE  6G 


Figure  3.  Fluorescence  Microscopy  Image  of  Two  Dyes  Deposted  In  Nafion  on  a  HOPG 
Substrate 


NOVEL 

MEMBRANES 


Figure  4.  The  Research  on  PEMFC  At  The  University  of  Minnesota  Has  Three 
Components  That  are  Integrated  By  the  Exploratory  Facility 


POLYMER  ELECTROLYTE  MEMBRANES  FOR  FUEL  CELLS 


Gunther  G.  Scherer 
Paul  Scherrer  Institut 
General  Energy  Research 
Electrochemistry 
Ch-5232  Villigen  PSI 
Switzerland 


In  the  past  the  development  of  Polymer  Electrolyte  Fuel  Cells  (PEFCs)  has  profited  greatly 
from  the  availability  of  perfluorosulfonic  acid  membranes  (DuPont  (Nafion),  Dow).  These 
membranes  show  excellent  stability  in  the  harsh  environment  of  a  fuel  cell  and,  therefore,  allow  the 
study  of  various  aspects  of  fuel  cells,  e.g.,  electrocatalysis,  membrane-electrode-interface 
preparation,  design  of  flow  fields  for  gas  distribution,  systems  integration,  and  many  others, 
without  dealing  with  the  problem  of  membrane  degradation  during  operation  of  the  respective 
experiment.  However,  the  high  price  of  these  membranes  today,  in  the  range  of  $800  to  900/m2, 
has  contributed  to  the  slow  introduction  of  polymer  electrolyte  fuel  cell  technology  in  various 
areas.  This  is  one  of  the  reasons  why  in  many  laboratories  research  is  going  on  to  develop  low- 
cost  proton-conducting  membranes  for  this  fuel  cell  technology. 

In  this  contribution  a  short  overview  is  given  about  membrane  development  in  various 
European  laboratories.  Many  of  these  developments  have  started  only  recently  and  focus  primarily 
on  the  low-cost  aspect  for  fuel  cell  technology  in  transport  applications.  From  these  developments 
membranes  for  disposable  fuel  cell  applications  may  energy  spin-off. 

Membranes  Based  on  Fluorinated  Polymers 

Work  concerns  the  preparation  of  proton-conducting  membranes  by  radiation 
grafting  selected  monomer/crosslinker  mixtures  onto  fluorinated  trunk  polymers  and 
subsequent  sulfonation  of  the  grafted  monomer  (PSI,  Switzerland;  Morgane,  France). 
Gamma,  as  well  as  electron  irradiation,  is  utilized.  This  easy  method  of  film  modification 
offers  the  possibility  to  tailor  membranes  for  a  variety  of  applications.  The  stability  of 
these  membranes  on  the  basis  of  styrene  as  graft  component  has  still  to  be  improved  in 
order  to  have  the  lifetimes  necessary  for  transport  applications.  However,  current 
demonstrated  lifetimes  would  be  sufficient  for  disposable  fuel  cells. 

Research  at  a  very  fundamental  level  is  being  carried  out  to  study  radiation  grafting 
into  capillary  pore  membranes,  which  are  originally  irradiated  by  heavy  ions  and 
subsequently  track  etched  to  develop  capillary  pores  (CEA,  France). 

In  contrast  to  the  situation  in  the  United  States  and  in  Japan,  there  is  no  publicly 
known  development  of  advanced  perfluoro  sulfonic  acid  type  membranes.  However,  work 
is  going  on  to  plasma  deposit  perfluorosulfonic  acid  films  directly  onto  electrode  structures 
(Fraunhofer  Gesellschaft,  Germany). 

Membranes  Based  on  Hydrocarbon  Polymers 

Chemically-  and  thermally-stable  main-chain  polyaryl-ether  type  polymers  (Poly- 
sulfone  (Univ.  Freiburg  and  Stuttgart,  Germany),  Polyetherketone  (Hoechst  Ag, 
Germany),  Polybenzimidazole  (Univ.  Montpellier,  France),  Polyimides  (CEA,  France), 
etc.)  are  believed  to  be  excellent  fluorine-free  and  potentially  low  cost  candidates  as  base 
polymers.  Sulfonation  is  easily  carried  out  to  render  them  to  proton-conducting 
membranes.  Solubility  of  these  polymers  in  selected  solvents  opens  the  possibility  of 
recycling  used  membranes. 


Composite  Membrane 

Composite  membranes  based  on  an  inorganic  proton  conductor  and  an  organic 
polymer  binder  are  being  developed  for  application  in  Direct  Methanol  Fuel  Cells 
(Innovision,  Denmark;  CEA  and  CNRS,  France;  Joule  III  Project,  Italy,  France, 
Germany).  It  is  to  be  expected  that  methanol  crossover  can  be  drastically  reduced  in 
comparison  to  the  perfluorosulfonic  acid  membranes.  A  major  development  problem  is  to 
over-come  the  low  specific  conductivities  of  the  percolated  inorganic  proton  conductor 
phase  within  the  binder  matrix. 

A  brief  overview  of  the  state  of  the  art  of  these  development  routes  will  be  presented. 
Unfortunately,  for  many  of  these  developments  only  very  preliminary  fuel  cell  test  results  are 
available  today.  These  results  concern  mainly  the  stability  requirement  and  quite  often  other 
membrane  properties,  which  are  important  for  a  fuel  cell  as  a  system,  e.g.,  humidification  and 
water  management,  are  neglected  at  this  development  stage.  Membrane  development  for  this 
technology  requires  comprehensive  polymer  materials  research  focusing  on  all  membrane 
properties  important  for  this  technology. 


CO 

(1) 

c 

03 

t_ 

JD 


0 

O 


£ 

0 


0 

O) 

c 

0 

o 

c 
o 

o  CL  ^ 

^  o 

<U  Q.~ 

>  0  i= 
|0  LU 

ty  o  s 

>>0  0 
^  E  O 

d.  CL  — 

o  _o  0 
"i  ^  I? 

O  0  ^ 

^  Q  £ 


CD 

D) 


Q 


cc 

E 

CO 

i5 

CL 


o 

c 

3 

(9 

u 

U. 


Institut 

Chemische  Technologie 


Maximum  power  density  [f(t)] 

0.8  mg  cm'^  Pt.  T  =  60X 


Sulfonated  Polysulfone 


1988 

1993 

1993 

1994 


C.  Arnold,  Sandia  Lab. 
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Synthesis  of  sulfonated  polybenzimidazole: 
grafting  of  bromomethylbenzenesulfonate 


Composite  Membranes 


Solid  State  Superprotonic  Conductor 
Phosphatoantimonic  Acid  (H3) 


H3Sb3P2014.xH20 

a{20  *C,  100  %  RH) 

3x10'^  Scm'^ 

Mordenite-Keggin  Salt 

a{20  *C,  100  %RH) 

1x10'"  Scm’ 

M(HP04),xH2O  (M=Sn,  Sb) 

a(80  *0,  100  %RH) 

3x10'^  Scm’ 

Nation  (EW1 1 00) 

0(20  *0,  100  %  RH) 

3x10-"ScnT^ 

Thermostable  Polymeric  Binder 

PVDF,  EPDM,  PS,  PDMS 

Good  Electrochemical  and  Thermal  Stability,  low  Gas  Permeability 

Composite  Membrane 

EPDM-65  %  H3  (raw) 

0(80  ’C,  100  %  RH) 

0.2x10’^  Scm’ 

EPDM-65  %  H3  (lyophylised) 

0(80  ‘C.  100  %  RH) 

0.8x10*  Scm’ 

NEW  ORGANIC-INORGANIC  POLYMERIC  MEMBRANE  FOR  H2I02  AND  DIRECT 
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PORTABLE  POWER  FROM  DISPOSABLE  FUEL  CELLS  DIRECT  METHANOL 
HIGH  TEMPERATURE  PEM  AND  ALUMINUM-OXYGEN 


Robert  F.  Savinell 

Ernest  B.  Yeager  Center  for  Electrochemical  Sciences 
and  Department  of  Chemical  Engineering 
Case  Western  Reserve  University 
Cleveland,  OH  44106 


PBI  Direct  Methanol  Fuel  Cells 

A  schematic  of  a  direct  methanol  fuel  cell  is  shown  in  Chart  1.  Major  challenges  for  this 
system  include  slow  reaction  kinetics  at  both  the  cathode  and  anode,  fuel  crossover,  and  for 
commercial  and/or  disposable  applications,  cost.  There  is  a  potential  to  address  these  challenges 
by  utilizing  proton  conducting  polymers  capable  of  operating  at  elevated  temperatures  such  as 
200°C.  This  is  the  approach  being  taken  at  CWRU  and  Quad  Chart  2  summarizes  the  objective, 
approach,  and  recent  results  of  this  program.  Chart  3  presents  some  of  the  advantages  and  issues 
related  to  the  high  temperature  fuel  cell.  The  work  at  CWRU  has  identified  a  polymer  system 
capable  of  conducting  protons  at  elevated  temperatures  (200°C)  and  under  atmospheric  pressure 
conditions.  The  polymer,  polybenzimidazole,  is  doped  and  phosphoric  acid.  The  non-mobile  acid 
conducts  protons  through  presumably  the  Grotthus  mechanism.  The  conductivity  of  this  polymer 
can  exceed  that  of  Nafion  under  its  optimally  hydrated  condition,  and  it  provides  a  good  barrier  to 
the  permeation  of  methanol.  Chart  4  shows  the  structure  of  this  polymer,  its  conductivity,  and  its 
permeation  to  gases.  Membrane  electrode  assemblies  (ME As)  have  been  fabricated  and  fuel  cell 
performance  demonstrated  (see  Quad  Chart  and  Chart  5).  At  this  time,  the  full  benefit  of  the  high 
temperature  operation  has  not  been  realized.  We  feel  that  the  electrode  structures,  a  power  density 
of  about  .3  W/cm2  at  500  mA/cm^.  With  improvements  in  electrode  structures,  a  power  density  of 
about  .3  W/cm^  at  this  current  density  is  not  unreasonable.  A  twelve  volt  stack  would  require  20 
to  24  cells  and  a  5  cm  x  5  cm  electrode  area  per  cell  will  deliver  about  100  watts  of  electrical 
power.  Other  issues  challenging  the  development  of  pbi  fuel  cells  are  given  in  Chart  4  and  work  is 
currently  underway  to  address  these  issues. 

A  significant  issue  for  disposable  fuel  cells  will  be  cost  of  materials.  As  shown  in  Chart  6, 
PBI  could  reduce  the  cost  significantly  as  compared  to  the  Nafion  proton  conductor  (which  does 
not  conduct  well  at  elevated  temperatures  and  atmospheric  pressure).  Anode  catalyst  cost  are  also 
significant.  Unfortunately,  there  are  no  anode  catalysts  that  surpass  the  performance  of  Pt/Ru. 
The  strategy  in  short  term  will  have  to  be  the  reduction  of  catalyst  loading  by  achieving  better 
utilization.  There  may  be  an  alternative  to  Pt  as  the  oxygen  reduction  catalyst.  Pyrolized 
macrocycles  have  been  demonstrated  to  perform  on  par  with  Pt  and  as  an  additional  benefit,  they 
are  not  affected  by  the  crossover  of  methanol.  Some  of  the  benefits  and  issues  of  the  macrocycle 
catalysts  are  given  in  Chart  7. 

Aluminum- Air  Fuel  Cells 

The  aluminum-air  system  is  a  hybrid  between  a  battery  (aluminum  is  contained  within  the 
stack)  and  a  fuel  cell  (oxygen  is  taken  from  the  ambient  air).  Aluminum  is  a  high  energy  density 
material.  As  shown  in  Chart  8,  the  specific  energy  for  aluminum  is  about  4500  Wh/kg  as 
compared  to  3000  Wh/kg  for  methanol,  both  of  which  neglect  the  mass  of  water  necessary  for  the 
reactions.  Aluminum  has  a  considerably  higher  energy  density  (12,000  Wh/1  compared  to  2400 
Wh/1  for  methanol)  because  of  its  mass  density  (2.7  Kg/1). 

The  reactions  in  the  aluminum-air  cell  involves  oxygen  reduction  in  an  alkali  solution  and 
aluminum  oxidation  to  form  aluminate  ion.  The  hydroxide  consumed  in  this  reaction  is  restored  in 
a  separate  crystalizer  which  precipitates  aluminum  oxide  product.  Although  the  theoretical  potential 


for  this  couple  is  about  2.7  volts,  practical  open  circuit  potential  is  around  1.5  volts  and  operating 
potential  is  excess  of  1  volt  at  current  densities  even  greater  than  120  mA/cm^.  A  comparison  of 
batteries  and  fuel  cell  energy  densities  is  shown  in  Chart  9.  The  aluminum-air  battery  represents  a 
design  without  electrolyte  pumping.  The  small  aluminum-air  fuel  cell  is  represented  in  the 
conceptual  design  shown  in  Chart  10.  This  design  will  nominally  weigh  about  28  pounds  and 
produce  about  7  kWh  of  energy  at  a  delivery  rate  of  about  100  to  250  watts.  An  initial  estimates  to 
refuel  the  stack  is  $200-$450  per  7  kWh.  Over  a  third  of  the  weight  of  this  system  is  electrolyte 
which  may  be  reduced  through  optimization.  Also,  there  is  a  potential  to  utilize  water  available  in 
the  field.  Attention  to  design  may  offer  opportunities  to  further  reduce  weight  especially  in  the 
stack  box  and  frame  materials. 

Chart  1 1  demonstrates  a  scenario  of  using  the  aluminum-air  system  as  a  field  battery 
recharger.  Mission  endurance  of  rechargeable  lithium  batteries  can  be  extended  significantly  by 
adding  an  aluminum-air  recharger. 

The  aluminum-air  fuel  cell  has  potential  for  being  a  low  cost  fuel  cell.  There  is  no 
membrane  or  cell  separator  required.  Cathode  catalyst  need  not  be  precious  metal  based.  The 
aluminum  oxide  product  is  relatively  benign  and  the  caustic  electrolyte  will  not  cause  taxing 
material  challenges.  The  fuel  cell  can  be  operated  from  a  cold  start  and  shelf-life  can  be  extended 
indefinitely  by  storing  dry.  Of  course,  there  are  a  number  of  issues  and  challenges  needing 
attention  before  this  system  becomes  viable  for  disposable  field  service.  Some  of  these  are  stated 
Chart  12.  Perhaps  the  most  challenging  of  these  are  the  need  to  reduce  the  water  inventory  and  the 
complexity  of  design.  In  summary,  the  aluminum-air  system  has  many  positive  features  for  a 
disposable  fuel  cell  system  and  should  be  given  some  serious  consideration  in  further  system 
studies. 


CHART  1 


DIRECT  METHANOL  PEM  FUEL  CELL 


CH3OH  +  H2O  ^  CO2+  6H*+  6e  O2  +  4H*+  4e*  ^  2  H2O 

OVERALL  REACTION 


CH3OH  +  I.5O2  - >  CO2  +  2H2O 

CHALLENGES 

•  SLOW  ANODE  KINETICS 

•  FUEL  CROSSOVER  LOWER  FUEL  UTILIZATION 
AND  CATHODE  POTENTIAL 

.  MEMBRANE  AND  ELECTRODE  COSTS 


ARPA  UNIVERSITY  RESEARCH  INITIATIVE 
ADVANCED  METHANOL-OXYGEN  SOLID  POLYMER  ELECTROLYTE  FUEL  CELLS 
CASE  WESTERN  RESERVE  UNIVERSITY  and  CLEMSON  UNIVERSITY 
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CHART  3 


HIGH  TEMPERATURE  FUEL  CELLS 

ADVANTAGES 

•  Enhanced  Electrode  Kinetics 

•  Vapor  Feed-Attitude  Insensitive 

•  Low  Crossover 

•  More  Efficient  Heat  Transfer 

ISSUES 

•  Design  Needed  For  Rapid  Start-Up 

•  Product  Separation  And  Fuel  Recycle 
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PBI  Membrane  Electrolyte 
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Cathode  Potential/V 
at  500  mA/cm^ 

0.706 

0.726 

0.746 

0.759 

Anode  Potential/V 
at  500  mA/cm^ 

0.344 

0.331 

0.310 

0.289 

Cell  Resistance  /  Cl 

0.281 

0.268 

0.251 

0.249 
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OXYGEN  REDUCTION  CATALYSTS 


PYROLYZED  MACROCYCLES  FeTMPP,  FeOEP 
BENEFITS 

•  No  Precious  Metal  Content 

•  Performance  Rivals  Pt 

•  Methanol  Tolerant 

ISSUES 

•  Thick  Electrodes 

•  Stability 


NON-PYROLYZED  MACROCYCLES 
BENEFITS 

•  Tailored  Surfaces  And  Synthetic  Control 

•  Performance  By  Design 

ISSUES 

•  Performance 

•  Stability 

•  Stability 

•  Stability 
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Lithium  Aluminum  Zinc  Iron  Methanol  alloys  and  high  efhclency  electrolyte  management  technology. 
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CHART  12 

ALUMINUM-AIR  FUEL  CELLS 

ISSUES 

MATERIALS 

•  Cathode  Structure  And  Catalyst  Costs 

•  CO2  Tolerance  Of  Electrolyte 

•  Need  Life  Demonstration 

•  Anode  Alloy  Performance  And  Costs 

•  Disposing  Aluminum  Oxide  Products 

SYSTEM  INTEGRATION 

•  Simplify  Design 

•  Temperature  Range  For  Operation 

•  Orientation  Dependent  Operation 

•  Rapid  Recharge  Design 

•  Voltage  Variable  With  Time 

•  Water  Management 

•  Hydrogen  Management 

•  Need  Low  Power  Pumps  and  Blowers 
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DISPOSABLE  FUEL  CELLS. 

PRELIMINARY  THOUGHTS  ON  THE  MAJOR  CHALLENGES 


Charles  W.  Martin 
Clemson  University 
Department  of  Chemistry 
Box  341905 

Clemson,  SC  29634-1905 


Before  presenting  my  thought  on  the  problem  at  hand,  let  me  first  give  the  assumptions  on 
which  they  are  based.  I  am  assuming  that  the  disposable  fuel  cell  in  question  will  have  to  operate 
at  a  relatively  low  temperature  (<  60°  C)  with  modest  current  densities  (<  0.5  a/cm2)  and  pressure 
(<  15  psig).  Also,  my  main  area  of  expertise  is  in  the  membrane  end  of  the  system  so  my 
discussion  will  be  weighted  toward  that  background. 

It  appears  to  me  that  there  are  two  fundamentally  different  sets  of  challenges  for  those 
trying  to  develop  a  disposable,  portable  fuel  cell.  Those  differences  follow  from  the  selection  of 
the  target  fuel-hydrogen  gas  or  methanol  (or  similar)  liquid.  The  fuel  to  a  great  extent  defines  the 
areas  in  which  new  or  improved  technology  is  needed. 

If  hydrogen  is  the  target  fuel,  the  available  membrane  and  electrode  technology  is  quite 
good  and  the  options  are  many.  For  a  cell  operating  at  low  current  density  and  below  60°  C,  even 
sulfonated  polystyrene  has  lifetimes  in  the  hundreds  of  hours.  Membranes  based  on  hydrocarbon 
ion  containing  polymers  such  as  the  new  sulfonated  polystyrene  block  copolymers  offered  by 
DAIS  Corp.  should  be  quite  adequate  in  terms  of  lifetime  and  resistivity.  This  polymer  is 
potentially  very  cheap  compared  to  the  fluorinated  polymers  such  as  Nafion  if  the  market  de.manH 
is  reasonably  large.  The  size  of  that  demand,  however,  will  probably  depend  on  markets  other 
than  fuel  cells.  Lifetimes  for  hydrocarbon  based  membranes  like  these  in  the  larger  volume  fuel 
cell  applications  such  as  transportation  and  stationary  power  are  projected  to  be  marginal  to  totally 
inadequate  based  on  experience  with  sulfonated  polystyrene.  One  interesting  question  that  remains 
to  be  answered  is  how  the  internal  reinforcement  technology  being  developed  by  W.L.  Gore  and 
Associates  will  affect  the  useful  lifetime  of  hydrocarbon  based  membranes.  Gore  is  offering  a 
membrane  based  on  the  DAIS  polymer  with  or  without  electrodes. 

On  the  other  hand,  the  drive  toward  thinner,  reinforced  membranes  has  the  potential  to 
reduce  the  raw  material  cost  of  even  fluorocarbon  ionomer  membranes  dramatically.  With  the 
major  research  effort  in  MEA  technology  being  focused  on  the  chemically  and  thermally  robust 
membrane  materials,  one  must  question  the  value  of  spending  much  effort  on  alternate  membranes 
for  a  small  volume  application.  Also,  the  fluorocarbon  membranes  should  have  unlimited  shelf 
life.  Hydrated,  sulfonated  polystyrene  will  support  the  growth  of  mold  so  biodegradation  may  be 
a  problem  for  these  and  other  hydrocarbon  based  polymers. 

The  bottom  line  is  that  the  membrane  will  not  be  a  basic  problem  for  hydrogen  based 
devices.  Nor  is  the  identity  or  cost  of  the  catalyst  a  problem.  The  new  technologies  for  low 
platinum  loading  MEAs  (<  0. 1  mg/cm^)  make  the  cost  of  the  catalyst  quite  reasonable  for  the  small 
electrode  areas  involved. 

Beyond  the  MEA,  there  will  certainly  be  many  materials,  design  and  engineering  challenges 
to  be  overcome  in  packaging  that  MEA  in  a  device  that  will  produce  power.  However,  my  guess 
(possibly  based  on  blissful  ignorance)  is  that  these  are  solvable.  I  think  the  biggest  challenge  in  the 
design  of  a  hydrogen  powered  device  of  this  type  is  in  storage  and  controlled  delivery  of  the  fuel. 
The  reversible  metal  hydrides  would  be  unacceptable  in  a  disposable  unit.  High  pressure  hydrogen 
may  be  a  possibility,  but  design  of  a  safe,  reliable,  light  weight,  disposable  container  that  is  totally 


impervious  to  hydrogen  is  a  significant  challenges  as  is  the  associated  controlled  delivery  system. 
The  chemical  sources  such  as  reactive  metal  hydrides  plus  water  are  a  compact  source  but  the 
reaction  is  highly  exothermic  and  difficult  to  control.  My  colleagues  in  a  proposed  Engineerin<^ 
Center  at  USC  are  working  on  various  approaches  to  this  problem. 

If  methanol  is  the  target  fuel,  one  faces  a  different  set  of  challenges.  These  include 
membrane  permeability  to  methanol  and  slow  kinetics  with  current  electrode  materials.  The 
fundamental  membrane  problem  is  due  to  the  high  hydration  in  current  ionomer  membranes  In 
general,  the  hydration  is  required  for  effective  proton  transport.  The  low  equivalent  weight 
membranes  that  are  most  conductive  also  have  the  highest  hydration.  The  more  water  in  the 
membrane  the  faster  the  methanol  transport  to  the  cathode  with  the  resulting  loss  in  efficiency. 

In  our  work  at  Clemson,  we  are  addressing  the  problem  by  working  to  alter  the  relationship 
between  hydration  and  conductivity.  The  hydration  benefits  conductivity  in  two  ways.  It  provides 
the  conductive  medium  for  proton  transport,  and  it  increases  the  volume  of  the  ionic  cluster  phase 
and  thus  increases  the  connectivity  -  the  pathways  for  conduction  through  the  insulatinc^ 
fluorocarbon  matrix.  As  one  increases  the  ionic  content  of  a  polymer,  the  osmotic  swelling  forces 
increase  while  the  crystallinity  that  restrains  that  swelling  decreases.  If  one  could  increase  ionic 
content  without  a  coiresponding  increase  in  hydration,  one  could  potentially  achieve  hi^h 
conductivity  while  minimizing  hydration  with  a  resulting  decrease  in  methanol  crossover. 

We  are  evaluating  two  approaches.  We  have  developed  new  thermoset  perfluoropolymer 
technology  that  can  potentially  compensate  for  the  loss  in  crystallinity  and  provide  the  restraint  of 
swelling  needed  to  reduce  hydration.  The  crosslink  occurs  via  a  thermal  dimerization  which 
produces  a  perfluorocyclobutane  linkage.  Thus,  the  crosslink  system  does  not  introduce  a  reactive 
hydrocarbon  site  that  would  degrade  in  a  strongly  oxidizing  atmosphere. 

The  second  approach  is  to  introduce  novel  strong  acid  functional  groups  such  as 
pcrfluorosulfonimidcs  thst  C3.n  be  n1a.nipul3.ted  to  modify  hydration  characteristics. 
Bisperfluorobutane  sulfonimide  is  the  strongest  acid  ever  measured  in  the  gas  phase,  i.e.,  in  the 
ab^nce  of  a  protic  solvent.  The  specific  conductivity  of  the  lithium  salt  of  bis-trifluoromethyl 
sulfoiimde  is  several  fold  higher  than  the  corresponding  lithium  trifluoromethane  sulfonate.  Other 
novel  ionic  structures  have  also  been  incorporated  into  the  perflurocarbon  polymers  for  evaluation. 


H2  fuel 


No  Fundamental  Limitations  from  Membranes 

Hydrocarbon  Base  ok  if  <  60°C  <  0.5  a/cm2  (?) 

-  Biofouling  a  Concern 

-  DAIS  Corp. 

Internally  Reinforced  Fluorosulfonic  Potentially  Low 
Cost 

-  Are  HC  Membranes  Worth  Pursuing? 

Research  Needs 

-  Will  be  Based  on  System  Integration  Issues 


METHANOL  FUEL 


Membrane/Electrode  the  Limiting  Technology 

-  Fuel  Cross  Over 

-  Electrode  Kinetics 

Membranes 

-  Crossover  ©c  Hydration 

-  Hydration  Conductivity 

/•  Need  to  Change  Conductivity  Hydration  Relationship 
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Long  Side  Chain  (LSC) 
Short  Side  Chain  (SSC) 


IONIC  CONDUCTIVITY  IN  5.5%  HCL 
DOW  AND  NATION  POLYMERS 
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WATER  ABSORPTION  OF  FLUOROPOLYMERS 
VS  EQUIVALENT  WEIGHT 
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Crystallinity  of  LSC  and  SSC  Sulfonic  Polymers 


%  Crystallinity 

Eq.  WtJMoleVo  I  -SO2F  I  -SOsNa  I  -SOjH 


SSC 

800 

16.13% 

7% 

<2% 

<2% 

1000 

12.20% 

17% 

7% 

9% 

1200 

9.80% 

24% 

11% 

LSC 

1140 

12.59% 

8% 

<2% 

<2% 
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Mole  %  Comonomer 


Mole  %  Comonomer  vs.  Equivalent  Weight 
Effect  of  Side  Chain  Length 
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GENERAL  PFSA  MICROSTRUCTURE 
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Key  Point 


STRENGTH  VS  CONDUCTIVITY 

%  xtal  #  of  Ionic  Groups 

Resist  Swelling  Type  of  Group 

SO3H  vs  -  CO2H 

Physical  Hydration/Ionic  Group 

Connectivity 


METHANOL  X-OVER  POTENTIAL  SOLUTIONS 


Physical  Reinforcement 

-  e.g.,  Gore  Select 

Change  Crystallinity  vs  ionic  Content 

-  New  Monomers/Polymers 

Chemical  Crosslink 

-  New  Monomers/Polymers 

Low  Hydration  Conductive  Groups 

-  New  Monomers/Polymers 


All  of  the  Above 


CLEMSON  PROGRAM 


New  Polymers 

-  New  Functional  Groups 

-  bis  +  poly  perfluorosulfonimide 

-  bis-  perfluoro  sulfones 

-  Thermoset  Perfluoro  Carbons 


-  CF2DF = DF2  4 


Polymer  Catalyst  Interface 

Thin  Film  Technology 
New  Functional  Groups 


Electrode  Kinetics 


A  PLASTIC  Li/AIR  BATTERY 


K.M.  Abraham 
EIC  Laboratories,  Inc. 

Ill  Downey  Street 
Norwood,  Massachusetts  02062 


A  novel  Li/02  battery  unlike  any  metal/oxygen  power  sources  developed  to-date  is 
described.  This  nonaqueous  battery  consists  of  a  Li  metal  foil  anode,  a  solid  polymer  electrolyte 
(SPE)  membrane  that  conducts  Li  ions  and  a  carbon  composite  electrode  sheet  made  up  of  high 
surface-area  carbon  on  which  oxygen,  the  electroactive  cathode  material,  accessed  from  the 
environment,  is  reduced  during  battery  discharge  to  generate  electric  power.  The  organic  polymer 
electrolyte  membrane  serves  both  as  the  separator  that  electronically  insulates  the  cathode  from  the 
anode  and  the  medium  through  which  Li  ions  are  transported  from  the  Li  anode  to  the  oxygen 
cathode  during  discharge.  The  design  of  this  novel  battery  is  a  radical  department  from  that  of 
traditional  polymer  electrolyte-based  Li  batteries  in  which  the  cathode  comprises  Li  intercalating 
solid-state  materials  such  as  TiS2,  V6O13,  LiMn204,  and  LiCo02. 

The  theoretical  specific  energies  of  some  selected  metal/02  chemical  couples  given  in  Table 
1  illustrate  the  very  high  energy  density  available  from  a  Li/02  electrochemical  cell.  The  polymer 
battery  described  here  is  a  novel  and  convenient  way  to  harness  this  energy.  A  schematic  of  the 
cell  is  given  in  Figure  1.  The  SPE  can  be  one  of  the  many  that  we  (1)  or  others  (2,3)  have 
developed.  Table  2  lists  the  compositions  and  conductivities  of  potential  electrolytes  for  the  room 
temperature  operation  of  the  battery.  Preliminary  discharge  data  for  cells  fabricated  with 
polyacrylonitrile-based  electrodes  are  shown  in  Figures  2-4.  A  reaction  process  involving  the 
adsorption  of  O2  onto  the  carbon  electrode,  and  its  reduction  according  to  reaction  (1)  and/or  (2) 
can  explain  the  observed  results. 


2Li  +  O2  — >  Li202; 

E  =  3.10  V 

(1) 

4Li  +  O2  — ^  2Li202^ 

E°  =  2.91  V 

(2) 

Standard  cell  potentials,  E°,  equations  (1)  and  (2),  were  calculated  using  the  standard  Gibbs 
free  energy  of  formation  (AG°)  of  -134  Kcal/mole  for  Li20  and  -145  Kcal/mole  for  Li202.  A 
reaction  between  Li  and  H2O  could  be  ruled  out  as  the  source  of  the  cell  potential  since  E°  for  the 
reaction,  Li  +  H2O  — >  LiOH  +  I/2H2  is  only  2.08  V. 
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Table  L  Metal/Oxygen  Couples 


Chemical  Couple 

Standard  EMF,  E° 

Specific  Energy  (Wh/Kg) 

Including  O2 

Excluding  O2 

4Li  4*  O2  — ^  2LiO 

2.91 

5200 

11100 

4Na  +  O2  -»  2Na20 

1.94 

1675 

2260 

2Mg  +  02^  MgO 

2.93 

3890 

6460 

2Ca  +  O2  — ^  CaO 

3.12 

2990 

4180 

2Zn  +  O2  — >  ZnO 

1.65 

1090 

1350 

4A1  +  3O2  — >  AI2O3 

2.73 

2930 

8130 

Table  2.  Conductivities  of  Some  Plasticized  Polymer  Electrolytes^ 


Electrolytes 

Conductivity  at  20°C 

S/cm 

1 .  21*  PAN-38  EC/33  PC-8  LiAsFe 

2.1  X  10-3 

2 .  37  PVdF-30  EC/30  PC-3  LiN(CF3S02)2 

1.5  X  10-3 

3 .  27  PVP-24  EC/2 1  PC/10  Triglyme- 1 8  LiC104 

1.1  X  10-3 

4 .  37  PVS-30  PC/30  SL-3  LiAsFe 

1.5  X  10-4 

5 .  24  PAN-38  EC/33  PC-5  LiPFe 

1.7  X  10-3 

6 .  21  PAN-40  EC/36  PC-3  LiN(CF3S02)2 

1.5  X  10-3 

^Ref:  K.M.  Abraham  and  M.  Alamgir,  7.  Power  Sources  43-44,  195  (1993). 

M.  Almgir  and  K.M.  Abraham,  "Room  Temperture  Polymer  Electrolytes",  Chapter  3  in  Lithium  Batteries, 
G.  Pistoia,  Ed.,  Elsevier,  Amsterdam  (1994). 

Solid  State  Ionics  70/71,  20  (1994). 

*  Mole-percent 


Figure  1.  Li/Oa  Polymer  Battery. 
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Figure  2.  Discharge  of  the  plastic  battery  in  oxygen  atmosphere.  The  composite  electrode  is  graphite. 
Current  density  =  0. 1  m  A/cm^ 


black.  Current  density  =  0.1  mA/cm^ 


ZINC-AIR  BATTERY  TECHNOLOGIES 


Ron  Putt 
803  Saddle  Hill 
Marietta,  GA  30068 

The  zinc-air  battery  is  characterized  by  very  high  specific  energy  and  moderate  specific 
power.  When  discharged  over  a  period  of  weeks  the  specific  energy  can  exceed  500  Wh/kg  (ARL 
test  results),  and  400  Wh/kg  has  been  demonstrated  at  the  hundred-hour  rate.  The  specific  energy 
advantage  for  zinc-air  degrades  substantially  for  rates  higher  than  C/10.  Being  an  open  system, 
zinc-air  is  vulnerable  to  dryout  and  carbonation,  and  should  therefore  be  used  in  continuous  duty 
applications  unless  a  closure  means  is  provided. 

The  first  industrial  use  of  zinc-air  was  to  power  remote  signal  devices,  predominantly  aids 
to  navigation  and  railroad  crossings.  Both  of  these  markets  have  seen  rapid  decline  owing  to  the 
conversion  of  buoy  power  to  solar  photovoltaic/lead-acid  (over  90%)  and  rural  electrification.  In 
the  late  1970s  Gould  commercialized  zinc-air  button  cells  for  hearing  aids,  and  today's  market 
share  for  zinc-air  button  cells  exceeds  75%  in  this  market. 

Zinc-air  makes  an  excellent  primary  battery,  but  efforts  to  make  it  rechargeable  have  been 
frustrated  by  the  shape  change  phenomena  of  the  zinc  electrode  and  the  dryout  effect  of  the  oxygen 
electrode  during  recharge.  Recent  progress  by  LBL,  for  example,  in  improving  zinc  electrode 
cycle  life  is  not  applicable  to  zinc-air,  because  the  electrolyte  formulations  used  impair  oxygen 
electrode  performance.  And  the  only  viable  means  of  overcoming  dryout  is  electrolyte 
management,  via  electrolyte  circulation  or  direct  water  addition  to  the  cells.  This  may  be  practical 
for  stationary  or  vehicle  batteries,  but  not  for  portable  batteries.  One  may  temporarily  overcome 
the  dryout  problem  by  providing  excess  electrolyte,  at  a  degradation  of  specific  energy  and  energy 
density. 

The  keys  to  the  high  specific  energy  and  energy  density  for  zinc-air  are  the  highly  efficient 
and  compact  zinc  electrode  and  the  use  of  atmospheric  oxygen.  A  typical  zinc  electrode  comprises 
60-70  weight  per  cent  of  zinc  powder  in  a  gelled  potassium  hydroxide  electrolyte.  Zinc  utilization 
is  typically  over  90%  at  current  densities  below  10  mA/cm^  and  remains  above  70%  at  current 
densities  of  40  mA/cm^.  The  zinc  oxide  discharge  product  remains  in  the  electrode  as  a  relatively 
compact  phase.  Anode  weight  and  volume  grow  about  25%  when  the  cell  is  fully  discharged. 
Volume  expansion  can  be  accommodated  by  a  collapsible  foam  beneath  the  anode,  and  pressure 
buildup  can  be  avoided  by  venting  the  foam  pore  gases  to  the  atmosphere  (MATSI  patent). 

The  zinc  electrode  must  be  protected  from  direct  oxidation  during  the  last  half  of  discharge 
if  high  utilizations  are  to  be  achieved.  For  a  fresh  cell  the  zinc  is  well  protected  from  cathode 
oxygen  because  the  cell  is  flooded  with  electrolyte  and  oxygen  solubility  is  very  low.  However, 
after  about  50%  discharge  the  zinc  electrode  becomes  dryer  (less  free  moisture)  because  of  the 
chemical  and  physical  binding  of  water  to  the  high  surface  area  zinc  oxide  discharge  product. 
Thus,  in  turn,  pulls  moisture  from  the  separator  and  oxygen  electrode,  opening  up  paths  for 
gaseous  oxygen  to  the  remaining  zinc  metal.  It  is,  therefore,  desirable  to  use  a  gas-impermeable 
membrane  to  block  oxygen  transport.  The  membrane  can  be  used  in  combination  with  a  non- 
woven  separator  made  of,  for  example,  PVA. 

The  oxygen  electrode  must  have  a  peroxide  decomposition  catalyst  to  achieve  efficient  cell 
performance.  Not  only  does  the  catalyst  raise  the  oxygen  electrode  voltage,  but  it  also  minimizes 
the  transport  of  perhydroxide  to  the  zinc  electrode.  Anode  utilizations  in  cells  without  a  peroxide 
decomposition  catalyst  can  be  20-30%  lower  than  those  of  cells  having  a  catalyst.  Manganese 
oxides,  such  as  manganese  dioxide,  are  an  excellent  choice.  Cobalt  oxides  and  precious  metals  are 


to  be  avoided  because  they  solubilize  and  diffuse  to  the  zinc  electrode,  causing  excessive  hydrogen 
gassing. 

The  next  application  of  zinc-air  technology  will  likely  be  for  fleet  propulsion  Electric  Fuel 
Limited  (Jerusalem)  has  a  program  with  Deutsche  Post  to  deliver  and  service  a  fleet  of  64  vehicles, 
a  combination  of  pickups  and  vans,  which  have  mechanically-refuelable  zinc-air  batteries.  The 
program  includes  the  construction  and  operation  of  a  10  kg  per  hour  zinc  fuel  reprocessing  facility 
in  Bemen. 


SOLDIER  SYSTEM  BATTERY  PACK 


Chemistry:  primary  zinc-air 
Electrical  Specifications: 

100  W,  12  V,  1000  Wh 
Electrodes: 

Anode: 

-  65  w%  zinc  powder  In  35%  KOH  gelled  electrolyte. 
Cathode: 

-  8  mil  gas  diffusion  electrode 
Separator: 

-  PVA  non-woven  +  membrane 
Design  Basis: 

Current  Density:  8.3  A  / 180  cm2  =  46  mA/cm2 
Anode:  ^  3  g/cm3;  65%  utilization;  4.2  mm  thick 
Voltage:  1.1  V  average/cell;  1.0  V  minimum/cell 
Stack:  12  bipolar  cells 


CELL  CUTAWAY 


THE  PROBLEM  WITH  RECHARGE; 

DRYOUT 

(1)  deltaVlchg  ~  800  mV 

20H-  ->  H2O  +  I/2O2 

(2)  (3) 

The  Solution:  Electrolyte  Management 


A  Regeneration  system 


European  Programs 
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□  Intent  to  convert  15,000  to  EVs 

□  Other  Programs  in  Italy,  Germany,  the  US,  etc. 


The  Deutsche  Post  Field  Test  (95-97) 
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,  GM-Opel,  Siemens,  Hoechst 


Cost  Considerations 


□  Refueling  systems 

□  Total  cost  $10  to  $20  per  kWh  battery 


Life-Cycle  Cost  -  Cargo  Vehicle 
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Life-Cycle  Cost  -  Passenger  vehicle 
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Summary 
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A  cost-effective,  energy-efficient,  EV  solution 
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